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Abstract 
Abstract 
This thesis firstly describes the application of organic solvent nanofiltration (OSN) in 
the recycle of asymmetric hydrogenation catalysts through the retention of the (often) 
larger catalyst whilst allowing the smaller products to permeate. This improves the 
catalyst turn over number (TON) and the further addition of the ionic liquid (IL) 
CyPhoslOl markedly improves the enantiomeric excess in the asymmetric 
hydrogenation of dimethyl itaconate using Ru-BINAP. The high molecular weight of 
the catalyst and IL allows them to be simultaneously recycled using an OSN membrane. 
Although this work identifies significant potential to fiirther the application of OSN in 
homogeneous catalyst recycle, there is a lack of commercially available OSN 
membranes with good chemical stability across a range of organic solvents and with the 
ability to separate compounds in the NF range of 200 - 1000 g mofV 
The central part of this thesis addresses these issues through the development of various 
integrally skinned asymmetric polyimide OSN membranes. A consistent method to 
describe the permeation property of the molecular weight cut off (MWCO) has been 
developed. This allows the determination of membrane performance and integrity 
across a range of different membranes and solvents. The variation of membrane 
separation performance across the NF range has been achieved through changing 
various membrane formation parameters. Crosslinking of these membranes significantly 
enhances the chemical stability allowing stable performances in a range of organic 
solvents including polar aprotic solvents. Coupling chemical crosslinking with the 
former methodology simultaneously improves the membrane chemical stability and 
allows membranes to be tailored for specific separations. Finally, this work also 
Abstract 
examines some initial steps leading to the scale up of OSN membranes to pilot scale 
through the use of spiral wound elements. 
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6 Angle (rad) 
e Porosity 
T Tortuosity 
V Molar volume (cm^ mol"') 
y Activity coefficient (-) 
[rj] Intrinsic viscosity 
rjsp Specific viscosity 
rj Viscosity (Pa.s) 
X Ratio of solute to pore radius (-) 
o Geometric standard deviation (-) 
V Electric potential (V) 
n Osmotic pressure (Pa) 
fi Solvent viscosity (Pa.s) 
0 Partition coefficient (-) 
Subscripts 
F Feed 
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Nomenclature 
i Component i 
P Permeate 
p Pore 
PF Pore flow 
R Retentate 
s Solute 
SD Solution diffusion 
sp Specific 
Superscripts 
* Critical 
Avg Average 
Calc Calculated 
Obs Observed 
PF Pore flow 
SD Solution diffusion 
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Chapter 1 
1. Introduction and scope of thesis 
Membranes are semi-permeable barriers that show selectivity between species. 
Membranes which are used in the separation of molecules with molecular weights in the 
range of 200 - 1000 g mol"' are classified as nanofiltration (NF) membranes. Most 
research on membranes and processes for NF are currently based on aqueous systems. 
Whilst there is a huge potential benefit to be able to effect molecular separations in non-
aqueous solvents in areas including catalyst recovery, reaction mediation, solvent 
exchange and recovery [1], full exploitation of NF in these areas has thus far been 
hampered by the lack of suitable membranes. Although some organic solvent 
nanofiltration (OSN) membranes are commercially available, current membranes have 
limited solvent stability and do not have well defined separation characteristics. The 
central challenge remains to develop membranes which are stable in a wide range of 
organic solvents as well as the ability to control the separation performance within the 
NF range. 
Following on from previous works within this research group, this thesis will firstly 
investigate the use of OSN in the recycle and re-use of homogeneous catalysts in 
asymmetric hydrogenations (Chapter 3). Recently, mono-phasic ionic liquid-solvent 
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mixtures have been shown to confer improved mass and heat transfer in catalytic 
systems. Such systems have also been reported to improve catalyst stability in coupling 
reactions [2], These effects will be investigated in the asymmetric hydrogenation of 
dimethyl itaconate to dimethyl methylsuccinate using Ru-BINAP catalyst in a tandem 
process with catalyst recycle using OSN. This chapter concludes with the identification 
of several process issues and potential areas within OSN requiring further development. 
In order to improve the process as described in chapter 3, it is first necessary 
characterise the membrane separation performance. In OSN, membrane selection is still 
often based upon the molecular weight cut off (MWCO) as specified by the 
manufacturer. However, as techniques for obtaining MWCO values are often not 
disclosed, this leads to non-uniformity when citing or comparing membranes. Differing 
methods can lead to inconsistencies, and the selection of a suitable membrane often 
necessitates the screening of many membranes. In chapter 4, this thesis seeks to address 
this discrepancy by proposing a method to standardise this procedure. 
OSN membranes include both polymeric and inorganic membranes. Whilst inorganic 
membranes have better chemical and thermal stability than polymeric membranes, they 
are brittle, more costly and less flexible than their polymeric counterparts. The core 
objectives of this thesis are firstly, to identify the influencing parameters in the 
preparation of polymeric OSN membranes on the permeation properties. Further 
understanding and control of these parameters will enable control over the membrane 
separation performance. Polyimides (Pis) have been demonstrated to be good potential 
substrates for the development of integrally skinned asymmetric OSN membranes due 
to their good chemical stability. Chapter 5 focuses on the selection of different Pis in 
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the manufacture of integrally skinned asymmetric membranes for use in OSN. Chapter 
6 further investigates the effects of changing various membrane formation parameters, 
on the functional performance of OSN membranes manufactured from the PI Lenzing 
P84. 
The second key objective is to improve the chemical stability of the membranes to 
allow their further application in a wider range of solvents. Crosslinking has been 
shown to improve both the chemical and thermal stability of various polymers. 
However when crosslinking techniques are appUed to polymeric membranes, this often 
results in a loss of membrane permeability. Although many different crosslinking 
strategies have been proposed, uniform crosslinking is still difficult to achieve. In 
chapter 7, a chemical crosslinking strategy is used to improve the chemical stability of 
the PI membranes. This technique markedly improves the chemical stability of OSN 
membranes and allows application in harsh solvent environments previously 
unattainable. 
Finally, chapter 8 presents an amalgamation of the work presented in the preceding 
chapters. Membranes used industrially are applied in the form of a membrane module 
which aims to maximise the membrane area whilst leaving only a small footprint. This 
chapter examines the steps leading to the scale up of OSN membranes to pilot scale 
through the use of spiral wound elements. 
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2. Literature review and research motivation 
2.1 Introduction 
Membrane technology is a separation method currently applied to many areas including 
food and beverage, pulp and paper, textile, pharmaceutical and chemical industries. 
Most notably, membranes have been used extensively in reverse osmosis applications 
for the purification of water. Fundamentally, membranes can be considered as semi-
permeable barriers which selectively allow species to permeate through the membrane 
whilst hindering the permeation of other components. The objectives of separation may 
be described by the following [3]: 
Concentration: The desired component is present in low concentration and 
solvent has to be removed. 
Purification: Undesirable impurities are to be removed. 
Fractionation: A mixture must be separated into two or more desired 
components. 
Reaction Mediation: Combination of chemical/biochemical reaction with a continuous 
removal of products that will increase the reaction rate. 
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Pressure driven membrane separation processes separate an influent (feed) stream into 
two effluent streams known as the permeate stream and the retentate stream. The 
permeate stream is the portion of the fluid that has passed through the membrane and 
the retentate contains the constituents that have been rejected by the membrane. Figure 
2.1 shows a schematic of the streams associated with a typical membrane separation 
system. 
Retentate 
Feed 
Permeate 
Figure 2.1: Schematic of membrane separation process. 
A driving force for the transport of species across the membrane is required and is 
usually in the form of a potential, pressure, chemical/electric potential or temperature 
gradient. However driving forces rarely occur alone and it is often a combination of the 
above-mentioned effects that results in the separation. 
Several types of liquid phase membrane separation processes have been developed for 
specific industrial applications. Processes involving positive pressure driving forces 
include Reverse Osmosis (RO), Nanofiltration (NF), Ultrafiltration (UF) and 
Microfiltration (MF). In the broadest sense, these processes separate on the basis of size 
exclusion with MF differentiating the largest particle sizes (e.g. bacteria and 
particulates) and RO the smallest (e.g. salts). This thesis is based on the separation of 
organic molecules in the NF range of 200 - 1000 g mol"' in organic solvents and further 
discussion will focus on these membranes. 
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2.2 Organic solvent nanofiltration (OSN) 
A large number of applications of NF under aqueous conditions have been reported in 
the past [4-6] and in particular, the use of RO/NF cellulose acetate membranes for 
solvent systems have been reported since the 1960s [7,8]. These membranes were 
however unstable in many solvents. Until recently, the use of NF for organic systems 
has been limited due to the lack of membranes with sufficient chemical stability in a 
range of organic solvents. The recent advent of several membranes for use in organic 
media presents new possibilities for the use of membranes in the separation of organic 
molecules within the fine chemicals, petrochemical, food and pharmaceutical industries 
[1]. 
2.2.1 Commercially available OSN membranes 
At present, OSN membranes made of both polymeric [9-11] and inorganic material [12-
16] are commercially available. In addition to the material of construction, these 
membranes can also be classified according to their overall structure. They are either 
integrally skinned asymmetric membranes made from a single material or composite 
membranes consisting of several layers of different materials (Figure 2.2). Composite 
membranes are viewed in many membrane applications as being more versatile as each 
individual layer of the membrane can be optimised independently to obtain the desired 
membrane selectivity, permeation rate, chemical, mechanical and thermal resistance. 
However, differential material swelling or chemical incompatibility of any layer can 
result in membrane failure. Both types of membranes are usually cast upon a porous 
non-woven support to confer mechanical strength to the final membranes. 
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Figure 2.2; SEM pictures and schematics of the cross section of a polyimide integrally 
skinned asymmetric membrane (Top) and a thin film composite membrane composed of 
a polydimethylsiloxane top layer on a polyimide support (Bottom [17]). 
Table 2.1 lists several commercially available OSN membranes and their characteristics. 
Some membranes (e.g. Desal-5, Desal-DK, Osmonics, Switzerland and FT-30, FT-40 
FilmTec/Dow, USA [18-21]) which were developed for use in aqueous NF have also 
been reported for use in OSN in both research and industrial applications with solvents 
such as alcohols. 
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Table 2.1: Commercially available Organic Solvent Nanofiltration membranes. 
to 
LA 
Manufacturer Membrane MWCO (g mor )^ Material (skin layer/support) Membrane Type 
Active layer 
property Ref. 
W. R. Grace & Co. Starmem™-120 200 Polyimide Integrally skinned asymmetric Hydrophobic [9] 
W. R. Grace & Co. Starmem™-122 220 Polyimide Integrally skinned asymmetric Hydrophobic [9] 
W. R. Grace & Co. Starmem™-228 280 Polyimide Integrally skinned asymmetric Hydrophobic [9] 
W. R. Grace & Co. Starmem™-240 400 Polyimide Integrally skinned asymmetric Hydrophobic [9] 
Koch Membranes MPF-44 250 PDMS/PAN Composite Hydrophilic [10] 
Koch Membranes MPF-50* 700 PDMS/PAN Composite Hydrophobic [10] 
Koch Membranes MPF-60° 400 PDMS/PAN Composite Hydrophobic [10] 
Solsep 010206 1000 b b Hydrophobic [11] 
Solsep 010306 500 b b Hydrophobic [11] 
Solsep 030306 500 b b Hydrophobic [11] 
Solsep Solsep 3360 b PDMS/-'' Composite - [11] 
Solsep Solsep 169 b b b - [12] 
Inopor Si02(1.0 nm) 600 SiOz b Hydrophilic [22] 
Inopor TiOzCl.Onm) 750 TiOz b Hydrophilic [22] 
Inopor Ti02 (0.9 nm) 450 TiOz b Hydrophilic [22] 
HITK Ti02 220 TiOz b Hydrophilic [23] 
I 
t o 
W 
t 
I 
a 
I I § 
Discontinued. 
' Unknown 
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The Starmem™ ' [9] range of integrally skinned asymmetric OSN membranes are 
manufactured from polyimides (Pis). The membranes are produced by W. R. Grace and 
Co., USA and are currently distributed by Membrane Extraction Technology, UK. It is 
reported that these membranes have an active skin layer of less than 0.2 mm thick with 
a pore sizes of <5 nm [24]. The membranes are formed by casting a dope solution onto 
a non-woven support material and subsequent vitrification by immersion precipitation. 
After the membranes are removed from the coagulant bath, they are impregnated with a 
conditioning agent [25,26] to facilitate storage and handling. These membranes have 
been reported to be stable in a wide range of solvents including alcohols, toluene, some 
ketones [27] and are available in several MWCOs. Starmem^*^ membranes has been 
widely reported in the literature in various applications including solvent exchange [1], 
catalyst recovery [28] and in reaction mediation [29]. 
SelRO® membranes from Koch Membrane Systems have been commercially available 
for a long time (>15 yrs) and are by far the most widely investigated OSN membranes. 
These membranes have been reported to be composites consisting of a crosslinked 
polydimethylsiloxane (PDMS) separating layer supported on a UF/MF crosslinked 
polyacrylonitrile (PAN) layer which is in turn cast onto a non-woven backing material 
[30-32], Several researchers [33-35] have reported minimal swelling of MPF-50 and 
MPF-60 (< 2 % in several organic solvents). However more rigorous membrane tests by 
Van der Bruggen et al. [36] found the membranes to be only semi-solvent stable and 
showed variable results on repeated testing. Tests on a similar membrane made by 
Vankelecom et al. [37] showed swelling by 70% when immersed in r-butanol. The 
hydrophobic MPF-50 and MPF-60 have recently been discontinued. 
' Starmem™ is a trademark of W.R. Grace and Co. 
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Solsep membranes (Apeldoom, The Netherlands) have recently become available and 
currently produce several membranes with MWCOs within the NF range. However 
most of these membranes have not been studied extensively in the academic literature 
apart from Solsep 3360 [23,38], which was found to be a composite membrane with a 5 
|im PDMS separation layer on a MF or UF support layer. 
Inopor and HITK sell several inorganic OSN membranes which have demonstrated 
good performance in aqueous waste streams [12,39]. However these membranes have 
not been researched in detail for use in organic solvents and exhibit lower solvent fluxes 
as compared to polymeric membranes. This could be due to the hydrophilic nature of 
the TiOi and SiOz active surfaces. 
In general, the majority of commercially available OSN membranes are made of 
polymeric material although inorganic membranes are more chemically and thermally 
resistant. The latter tend to be more brittle, expensive and are less versatile in 
applications. Concomitantly, there is also significant research into the improvement of 
polymeric OSN membranes either through improving the stability of existing polymers 
or through the development of new polymers (e.g. polyurethanes [40] and poly[l-
(trimethylsilyl)-1 -propyne] [41]). The chemical stability of polymeric membranes may 
be enhanced by means of several strategies. This includes introducing or increasing 
cross-linking of the polymeric layers within the membrane or by fabricating composite 
membranes in which the individual layers may be tailored (using suitable materials) to 
have the required selectivity and chemical/thermal resistance [42-44]. 
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Whilst both polymeric and inorganic membranes constitute areas of significant research 
potential, this thesis will focus on the development of polymeric OSN membranes. A 
review of polymeric material used in the preparation of OSN membranes is presented in 
chapter 5. These improvements have led to the development of a range of solvent 
resistant membranes. However continuing problems pertaining to dissolution, 
deformation and swelling still have to be resolved before industrial application of these 
experimental membranes become feasible. 
2.2.2 Applications of OSN 
OSN is a burgeoning technology where new applications are constantly being reported 
both in academia and in industry. Table 2.2 gives an overview of the current potential 
applications of OSN in several different industries. Many of the membranes used in 
OSN applications were originally designed for use in aqueous NF and for gas 
separations. This resulted in membranes that are often not robust enough for sustained 
long term use in solvent environments. Whilst there are many reported applications of 
OSN, perhaps the only 'success' in terms of large scale commercialisation is the Max-
Dewax™ process at the ExxonMobil refinery in Beaumont (Texas) for the recovery of 
dewaxing solvents from lube oil filtrates. The plant processes 11,500 m^ of crude a day 
using a PI membrane based on the commercially available PI Matrimid 5218 [24]. 
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w 
Industry Membrane Solvent Application Ref 
Food DS7 (Osmonics) 
MPF 60 (Koch Membranes) 
MPF 44 (Koch Membranes) 
Hexane/aqueous Separation of carotenoids from red palm oil. [45] 
Polysulfone, polyamide, Hexane, various oils Crude glyceride oils refining. [46] 
polyacrylonitrile (UF) 
Polydimethyl Hexane Solvent recovery in edible oil processing. [44,47] 
siloxane/polyacrylonitrile 
composite 
Polyethylene, polyimide Hexane Solvent dewaxing in edible oil processing. [48-50] 
Polyamide Acetone, isopropanol, 
ethanol, hexane 
Deacidification in edible oil processing. [51] 
Fine chemical Zeolite (silicate) membrane Acetone, Homogeneous catalyst recovery in Diels-Alder [52] 
(Catalytic) prepared on a Y-AI2O3 support dichloromethane reaction. 
Various Various Review on various catalytic applications combined 
with membranes separations/facilitated reactions. 
[53] 
Petrochemical Polyimide (W. R. Grace) Ketones, aromatic 
hydrocarbons 
Lube oil dewaxing. [24,54-
56] 
Cellulose acetate membranes N-methyl pyrrolidone, 
fufural, phenol 
Solvent recovery. [57] 
Polyimide Aromatic hydrocarbons Separation of alkylaromatics from aromatics. [58] 
Pharmaceutical Polyimide Butyl acetate Separation of spiramycin from butyl acetate. [59] 
MPF-50, MPF-60 Ethanol, ethyl aceatate Diafiltration of erythromycin [60] 
(Koch Membranes) 
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2.2.3 Membrane characterisation 
Membrane characterisation parameters may be described as either morphology related 
or performance related [61]. Morphological parameters include both physical (e.g. pore 
size, pore size distribution, skin layer thickness) and chemical parameters (e.g. charge, 
hydrophilicity, zeta potential), whilst performance related parameters describe 
permeation properties such as flux and rejection. In OSN, performance parameters are 
often more practical for membrane selection due to the effect of different process 
conditions [62] on the performance of membrane systems, and the difficulty in relating 
morphological parameters to membrane performance. 
The flux (J) or permeation rate is defined as the volumetric (mass or molar) flow (Fp) 
through the membrane per unit area (A) of the membrane per unit time (t): 
V jr== (2 1) 
At 
The observed rejection, of component i is given by the following formula: 
xlOO%o (2.2!) 
Where Q,,/ and Cr^ are the concentrations of component i in the permeate and retentate 
respectively. The mass balance of a closed system also allows for the solute in the 
system to be accounted for. The mass balance (M8/) of component i is given by the 
following equation: 
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Afg, (23) 
In OSN, membrane selection is often based upon the MWCO as specified by the 
manufacturer [63]. The MWCO is defined by plotting the rejection of solutes versus 
their molecular weight, and determining the solute molecular weight corresponding to a 
90% rejection. However, techniques and experimental conditions for obtaining MWCO 
values are often not disclosed, leading to non-uniformity both in academic studies and 
in industry. Differing methods often lead to inconsistencies, and the selection of a 
suitable membrane often necessitates the screening of many membranes. Nevertheless, 
it is still widely used as an industrial yard stick with which to select a membrane for 
further screening tests. A review of current methods used in the determination of the 
MWCO is described in chapter 4. 
2.2.4 Effect of experimental parameters on membrane performance 
The functional properties of OSN membranes are highly dependent on the experimental 
conditions. The major parameters influencing the functional properties are testing 
conditions, pressure, temperature, concentration and pre-conditioning. These effects 
have been previously documented by several authors [34,64,65] and are summarised 
below. 
Testing conditions 
The predominant design of OSN membranes used in laboratory testing is that of flat 
sheets. Whilst other forms such as hollow fibres and tubular membranes exist, the 
present work will focus on the production and testing of flat sheet membranes. In the 
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testing of flat sheet membranes, pressure can be applied using pressurized gas or 
through the use of a pump. In these two cases, the feed stream can be either forced 
through the membrane perpendicular to the membrane surface (dead end operation) or it 
can be fed tangentially to the membrane surface (crossflow operation). Both methods of 
operation are shown schematically in Figure 2.3. The latter is the preferred method of 
operation as it minimizes the build up of material on the membrane surface and reduces 
the effects of concentration polarization and fouling. 
Dead end operation Crossflow operation 
Retentate 
V 
Permeate 
Membrane V 
Permeate 
Figure 2.3: Dead end and crossflow filtration processes. 
The majority of experimental work reported in the literature is based on dead end testing 
used to determine membrane suitability over a short period (< 12 h). In these studies, 
the pressure driving is often induced using gas pressure. The effect of dissolved gases 
on membrane transport has not been thoroughly investigated, although little difference 
in flux has been observed between the different methods. A dead end configuration 
makes for a much smaller holdup volume in testing apparatus and facilitates ease of use. 
However crossflow experiments, which are usually conducted for extended periods (> 
24 h), provide valuable information as to the longer term performance of the membranes 
under experimental conditions and are better indicators of the reliability and suitability 
of the membranes. 
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Pressure 
The effects of pressure on flux and rejection have been reported by several authors 
using a range of OSN membranes. Scarpello et al. [64] observed a linear increase of 
solvent flux (tetrahydorfuran, ethyl acetate) with pressure (0.5 - 30 bar) with 
Starmem^"^ 122, Starmem^"^ 240 and MPF-50 performed in dead end operation. The 
phenomenon of increasing flux with pressure was also reported by Whu et al. [66] for 
MPF-60 in methanol. In general, these observations are consistent with other pressure 
driven membrane processes and can be attributed to an increase in pressure driving 
forces for convective flow, or an increase in the chemical potential gradient in diffusive 
transport. 
Solute rejections were also observed to increase with pressure [64,66-68]. This has been 
attributed to the sealing of membrane pores at elevated pressures. Whilst this is 
desirable in the case of solute retention, a compromise has to be achieved between flux 
and achieving separation between a partially and fully rejected species. Compaction in 
pressure driven processes can also result in increased solute rejection. This is caused by 
mechanical deformation of the polymer matrix leading to a reduction of the effective 
pore size [64]. Although many of the described phenomena are ascribed to the 
membrane having pores, purely diffusive transport through the NF membrane has also 
been reported and a distinction between the two commonly used mechanisms is 
presented in section 2.2.5. 
Temperature 
Scarpello et al. reported an increase in solvent flux and a decrease in rejection of solutes 
with temperature for Starmem™ 120 and 122 [64]. This has been attributed to 
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decreasing in solvent viscosities, increasing diffusion coefficients, or increases in 
polymer chain mobility [34]. Aminabhavi and Khinnavar [69] performed a detailed 
investigation of the transport of various alcohols through rubbery polymers 
(polyurethane, nitrile butadiene rubber and epichlorohydrin). They observed an increase 
in solvent sorption with increasing temperature generally following a Fickian transport 
model. Transport of solutes at elevated temperatures was ascribed to the chain 
segmental relaxation mechanism [70]. However, for glassy polymers such as Pis, the 
relevance of this theory has not yet been investigated. Further, uncertainty under 
pinning the transport mechanism across the membrane hinders further understanding of 
the individual contribution of each factor. 
Solute Concentration 
Several researchers [64,68] have observed that flux decreased with increasing solute 
concentration. This can be explained by an increase in osmotic pressure and an increase 
in the effects of concentration polarisation. The interfacial concentration of the less 
preferentially permeating component builds up on the membrane surface resulting in a 
concentration profile in the opposite direction to the applied pressure. Peeva at al. [68] 
carried out OSN experiments in toluene with Starmem^'^ 122 and observed significant 
flux decline at high tetraoctylammonium bromide (TOABr) concentrations. Coupling 
film theory with the solution diffusion model, they were able to predict the flux 
variations at various liquid crossflow velocities. In addition to flux decline, rejection 
was also observed to decline with solute concentration, highlighting the importance of 
the hydrodynamic conditions on the feed side of the membrane. However membrane 
fouling, resulting from solute precipitation on the membrane surface at high feed 
concentrations, in extreme cases can also be important in explaining the decrease in 
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fluxes and increase in rejections for certain results. Membrane fouling in OSN has not 
yet been studied in detail. 
Pre-conditioning 
Inconsistencies in the literature pertaining to flux and rejection data with several 
commercially available membranes prompted studies on membrane pre-conditioning by 
several workers [67,71]. These studies compared data on MPF-50 from Whu et al. [65] 
and Machado et. al. [34] and theorised that the discrepancy might be due to differences 
in the pre-conditioning of the membranes prior to data collection. Commercial 
membranes are frequently supplied in a preservative liquid (e.g. MPF-50 -
ethanol/water) or are impregnated with plasticizers to aid in handling (e.g. Starmem^^ -
lube oil). As such, solvent exchanges and washing steps to remove these materials need 
to be undertaken before membrane performance can be determined. This often includes 
permeating sufficient solvent to obtain steady state fluxes. This can take up to 24 h 
before steady state is achieved thus highlighting the importance of allowing sufficient 
membrane compaction to take place before obtaining results. 
2.2.5 Membrane transport 
The transport of the solvent and solutes across OSN membranes is principally 
controlled by the driving force, and whether the membrane exhibits active or passive 
transport properties [3]. Two different transport models, solution diffusion (SD) and 
pore flow (PF) are frequently used to describe this permeation process and provide the 
basis for various further adaptations reported in literature [35,64,68]. Detailed 
descriptions of the models are presented in chapter 6. A graphical representation of the 
chemical potential and pressure profiles of the two models is shown in Figure 2.4. 
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Figure 2.4: Comparison between the Solution Diffusion (SD) and Pore Flow (PF) 
models [72]. 
Solution Diffusion Model 
The solution diffusion model was developed by Lonsdale et al. [73] and has been 
revisited by Wijmans and Baker [72]. This model assumes a constant pressure across a 
dense separation layer to which the solute and solvent diffuse through independently. 
This model has been successfully used by several authors to describe transport in OSN 
membranes [68,74,75]. However, these works mainly focused on lower swelling 
integrally skirmed asymmetric membranes. Transport through high swelling rubbery 
polymers such as PDMS requires special considerations to take into account the 
increased effects of various solvent-polymer interactions [76]. 
Pore Flow Model 
The pore flow model developed by Sourirajan and Matsuura [77], considers the process 
whereby the permeants are separated by size exclusion with pressure-driven convective 
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flow through tiny pores. The Hagen Poiseuille equation (Equation 2.4) gives a good 
description of solvent transport through membranes consisting of equal number of 
cylindrical parallel pores. However in OSN, very few membranes possess such 
structures [33] and solute pore interactions have to be considered [78,79] to 
commensurate this assumption. 
Other Transport Models 
Machado et al. [35] used a viscous model that is loosely based on the pore flow model. 
It considers a composite NF membrane made up of a NF surface layer, a UF sublayer 
and a porous support layer. This was tested using the composite MPF-50 membrane. 
The parameterised model shows good fit to the tested systems. However it does not 
shed light on the nature of the transport phenomenon. Bhanushali et al. [80] and Koops 
et al. [81] used the Spielger Kedem [82] model to consider coupling between the solute 
and solvent through the membrane. The model included convective transport of the 
solute together with the diffusive flux [83]. This is essentially a 'black box' model 
where the membrane is represented by a series of thin segments, which are in 
equilibrium with other segments that together make up the membrane. The deficiency of 
this model is that it does not consider interaction between the solute and the membrane. 
This is better represented by the pore flow model in which the surface partition maybe 
calculated or measured. 
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2.3 Preparation of synthetic membranes 
There are several ways of preparing polymeric membranes such as sintering, track 
etching, stretching and phase separation processes. Phase separation processes are the 
primary means in the preparation of commercial polymeric membranes [3]. The final 
morphology of the membranes depends greatly on the material properties and the 
process conditions. 
2.3.1 Phase inversion 
Phase inversion is a process whereby a polymer is transformed in a controlled manner 
from a liquid to a solid state. Solidification is initiated by transition in the process of 
liquid-liquid demixing. The phase with the higher polymer concentration will eventually 
solidify forming the solid matrix. It is the control of this transition phase that determines 
the membrane morphology. The phase separation of polymer solutions can be induced 
in several ways: 
In thermal precipitation, the solvent quality usually decreases when the temperature is 
decreased. After demixing is induced, the solvent is removed by extraction, evaporation 
or freeze drying [84]. 
Solvent evaporation is a process by which the polymer is dissolved in a mixture of 
volatile solvent and a less volatile non-solvent. As the solvent evaporates, the 
concentration of polymer in the non-solvent increases and eventually leads to the 
precipitation of the polymer. The polymer solution might be cast on a suitable backing. 
In solvent evaporation, an important aspect is the temperature of the casting solution. 
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Non-solvent induced phase separation involves casting the polymer solution and 
exposing it to a non-solvent. The polymer phase precipitates due to the exposure to the 
non-solvent. Precipitation may be induced either by saturating the vapour environment 
with the non-solvent [85], or immersing the polymer solution into a coagulant bath of 
the non-solvent. The latter method is termed immersion precipitation to which most 
commercially membranes are prepared. In most cases, the polymer solution is cast on a 
non-woven support and is then immersed into a coagulation bath of the non-solvent 
(usually water). This results in rapid phase separation leading to a thin separating layer 
and an asymmetric morphology in the membranes. 
In the following section the phase behaviour of the ternary systems involving the 
polymer, solvent and non-solvent (More complex systems exist but the discussion will 
stick to a ternary system for simplicity.) will be discussed, as well as the implications of 
the phase transitions on the morphology of the membranes. In the phase diagrams 
(Figure 2.5), three types of phase separation behaviour can be identified: liquid-liquid 
demixing, solid-solid demixing and solid-liquid demixing. However it is the liquid-
liquid demixing that plays a central role in the generation of the required morphology 
[84,86]. 
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Liquid-liquid demixing 
Polymer 
Binodal Spinodal 
Homogeneous 
phase 
Composition path 
Demixing 
area 
Solvent Non-Solvent 
Figure 2.5: Schematic phase diagram for an isothermal ternary polymeric mixture 
consisting of polymer/solvent/non-solvent. 
The liquid-liquid demixing is in part governed by the thermodynamics of the demixing. 
This may be represented by a ternary phase diagram (See Figure 2.5). The phase 
diagram is separated into a homogeneous phase (area between the polymer/solvent axis 
and the binodal line), and an area representing the demixing area. This occurs when 
sufficient non-solvent is present in the system. The size and location of this demixing 
gap depends on the molar volumes of the components, the polymer-solvent interactions, 
the polymer non-solvent interactions and the solvent-non-solvent interactions. These 
interactions may be described by the Flory-Huggins description of polymer solutions. 
The influence of these variables on the phase diagrams have been discussed by Altena et 
al. [87] and Yilmaz et al. [88] and the influence of Flory Huggins interaction parameter 
(x) may be summarised as follows: 
• Polymers and solvents with low mutual affinity (Large %) increase the magnitude 
of the demixing gap. 
• Low compatibility of solvent/non-solvent mixtures (Large %) result in large 
differences in solvent/non-solvent ratio in the equilibrium phases. 
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Whilst ternary phase diagrams are not widely reported in literature, the interaction 
parameters give us an indication of the size of the demixing gap. The non-
solvent/polymer interactions (xis) may be determined using swelling measurements 
[89]. The non-solvent/solvent (X12) interactions can be calculated from the activities. 
The solvent/polymer interaction (X23) can be experimentally determined by measuring 
the intrinsic viscosity of the dope and using the method proposed by Kok and Rudin 
[90] or calculated using Hansen solubility parameters [91]. 
In general, two mechanisms are well known for liquid-liquid demixing: nucleation and 
growth and spinodal decomposition [85]. Nucleation and growth occurs when the 
polymer system departs from the homogeneous and stable region to the metastable 
region which is located in the spinodal and binodal lines in the phase diagram. Spinodal 
decomposition occurs when the system enters an unstable region in the phase diagram 
[92]. The concentration fluctuates with time in this region and results in bicontinuous 
morphology. 
Mass Transfer 
As the non-solvent diffusion induces liquid-liquid phase separation, the kinetic 
information of the exchange process between the solvent and non-solvent as well as the 
thermodynamic information are required to predict the morphology of the resultant 
membrane. Several mass transfer models have been proposed [86,93,94]. The models 
start from using basic diffusion and continuity equations for both the bath side and the 
film side. Many assumptions are used to simplify the calculations however the most 
important aspects are the boundary initial conditions [95]: 
• No convection occurs on the film side or the bath side. 
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• Instantaneous equilibrium exists at the interface both on the bath and film sides. 
• No polymer dissolves in the coagulation bath. 
• Demixing and growth occurs by nucleation and growth in the polymer poor 
phase. 
The mass transfer models describe the composition of the solution as a function of the 
space coordinates. This has implications to the delay time before the onset of demixing 
and hence the final morphology of the membrane. 
2.3.2 Membrane morphology resulting from immersion precipitation 
Kimmerle and Strathmann [96] identified five structural elements in the morphology of 
membranes prepared by immersion precipitation; cellular structures, nodules, 
bicontinuous structures, unconnected latex and macroviods. 
Cellular Structures 
These structures are present in most membranes prepared by delayed precipitation. 
Broens et al. [97] have shown that the formation of such structures are the result of the 
nucleation and growth of the polymer poor phase. The delay time for demixing is 
important and under rapid demixing (< 1 sec), the membranes formed will have a thin 
top layer and a sublayer with macrovoids [84]. If the delay time is slow (few seconds to 
minutes), the membranes will have a dense and thick top layer due to the high 
concentration of the polymer solution at the onset of demixing. The porosity and degree 
of interconnectivity between the pores will also be low [98]. The speed of demixing 
depends on the mass transfer in solution as well as the thermodynamics of the system as 
described by the phase diagrams [86]. 
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Nodules 
Nodules are partially fused spherical features with a diameter of approximately 25 - 200 
nm. This morphological feature is frequently observed in the top separation layer of UF 
and NF membranes [84]. The formation mechanism and origins of nodules are however 
disputed and have been attributed to: (i) aggregates or micelles already present in the 
dope solution [99-101]; (ii) formation via liquid-liquid demixing during phase inversion 
[102-104]; (iii) artefacts of sample preparation for SEM [105,106]. While the theory of 
nodule formation is disputed [107], two aspects have been established: (i) The diffusion 
process of solvent and non-solvent are rapid compared to the mobility of the polymer 
molecules; (ii) Nodules occur in thin surface layers of high polymer concentration. 
Bicontinuous morphologies 
Membranes with bicontinuous morphologies have a highly interconnected pore 
structure or contain a layer with a highly interconnected pore structure. These 
formations can be due to spinodal decomposition or can be the result of coalescence of 
polymer poor droplets generated by nucleation and growth. 
Macrovoids 
Macrovoids are large elongated pores that can stretch over the length of the membrane 
thickness. They are also termed as finger-like structures. These are undesirable in high 
pressure processes as they cause mechanical weaknesses in the membrane. Macrovoids 
are usually associated with instantaneous demixing with the non-solvent often being 
water [108]. Most of the techniques that can be used to delay the onset of demixing will 
also result in the disappearance/diminishing of macrovoids and includes increasing the 
viscosity of the polymer solution. The walls of the macrovoids are usually porous hence 
43 
Chapter 2: Background and research motivation 
the coalescence of the macrovoids with the surrounding polymer poor droplets remains 
possible. 
2.3.3 Parameters influencing the membrane morphology 
Several main parameters influencing membrane morphology will be discussed in this 
section. These variations are true for most polymers used to prepare membranes. 
Changing the morphology of the membranes can also indirectly alter the performance of 
membranes. The influencing parameters are: 
• Choice of solvent/non-solvent system [42,108,109] 
• Polymer concentration [3,110] 
• Composition of the coagulation bath [104,111,112] 
• Composition of the polymer solution [3,112] 
Secondary factors such as the temperature of the casting solution, rheological factors 
[113] and the evaporation time (for solvent evaporation) can also alter membrane 
morphology. 
Choice of solvent/non-solvent system 
In the selection of a particular system for the preparation of membranes by immersion 
precipitation, the polymer must be soluble in the solvent and insoluble in the non-
solvent. Although many solvent alternatives are possible, the solvent must also be 
miscible in the non-solvent. The miscibility of the components is described by the free 
energy of mixing. However the non-ideal behaviour of the solvent systems means that 
this has to be modified to include the activity coefficients for binary and ternary 
systems. 
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As the mutual affinity between the solvent and non-solvent decreases, this reduces the 
gradient of the tie lines in the two phase region in the ternary diagram. Mixtures that 
have high affinity (e.g. DMSO or DMF with water) result in instantaneous demixing 
forming the morphology with a thin top layer with macrovoids [42,109]. Conversely if 
there is low affinity between the mixtures then this will delay the onset of demixing 
forming the dense and thick top layer. One way to delay the onset of demixing is to add 
solvent to the coagulation bath [108]. 
Polymer Concentration 
The polymer concentration in the casting solution has a significant effect on membrane 
structure and properties. A low polymer concentration in the casting solution tends to 
favour the formation of finger like structures whilst a high concentration favours the 
sponge like structures [110]. The polymer concentration can also alter the performance 
of the membranes. Mulder [3] demonstrated using a cellulose acetate/dioxane/water 
system that the flux of the UF membrane formed decreased with increasing polymer 
concentration. This is due to the higher initial polymer concentration at the film 
interface leading to a less porous top layer. 
Composition of the coagulation bath 
The solvent composition of the coagulation bath can influence the morphology of the 
membranes formed by altering the onset of demixing. At an extreme case the 
composition of solvent in the coagulation bath can be used to promote the formation of 
a porous to a non-porous membrane [104]. Deshmukh and Li [111] showed that for a 
PVDF/DMAc/water system, changing the ethanohwater content in the coagulation bath 
from 0% to 50% resulted in the long finger-like structure near the outer wall of the fibre 
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slowly changing through a short fmger-like structure to a sponge-like structure. 
Kobayashi et al. [112] showed that in the formation of a PAN UF membrane, the flux 
increased and rejection decreased at very high concentration of solvent in the 
coagulation bath. 
Composition of the Casting Solution 
The non-solvent may also be added to the casting solution to affect the type of 
morphology produced. The maximum amount of solvent that may be added to the dope 
solution can be determined from the ternary diagram such as to prevent demixing. The 
addition of non-solvent has the effect of shifting the starting point of the dope solution 
away from the polymer-solvent axis towards the binodal hence decreasing the demixing 
time. Concomitantly, the addition of co-solvents with lower affinity for the non-solvent 
can also effect delayed demixing. Increasing the polymer composition in the casting 
solution has also been shown to reduce flux and increase the selectivity due to a more 
dense morphology in the top layer [112]. 
2.3.4 Effects of membrane formation parameters on the molecular weight cut off 
(MWCO) 
Ohya et al. [114] showed that in the formation of a PI membrane, the increase of casting 
temperature led to an accelerated solvent evaporation thus increasing the polymer 
concentration at the surface. This led to both a decrease in flux and MWCO. The 
evaporation time also had similar effects with a decrease in flux and MWCO with 
increasing evaporation time. The MWCO could also be varied using various additives to 
the casting solution. Okazaki et al. [115] used the additives phenanthrene, pyrene, 
triphenyl phosphate and polystyrene to change the MWCO in the formation of 
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polyimide membranes. The MWCO increased with increasing molecular weight of the 
additives. However work by Sterescu et al. [116] showed that unbounded additives in a 
polymer matrix tend to decrease the permeability and selectivity of membranes. Further 
work by Shuey at al. [54] and Yanagishita et al. [117] both showed that changing the 
solvent composition of the dope solution had a strong influence on the rejection of 
species in PI membranes. However, in these works, full control over the MWCO was by 
and large not well described or demonstrated. 
2.4 Summary of literature review 
In recent years, OSN has been advanced in many areas including new applications and 
the development and understanding of transport in the few commercially available 
membranes. However much of the data acquired are from relatively short term studies 
in dead end configurations and there is scope to both improve and standardise the 
collection of performance data in order to compare between different membranes and 
process conditions. Currently there are many theoretical studies on the formation 
aspects and on transport mechanisms in OSN membranes independently. However 
much of these works have not successfully linked and quantified the effects of changing 
the formation parameters to the functional performance. By relating these aspects, 
further control the membrane separation performance can be achieved and will allow 
membranes to be tailored to specific applications. In order to further the development of 
OSN, it is first necessary to identify the limitations in an OSN application. In the 
following chapter, homogeneous catalyst recycle using OSN is described. 
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3. Membrane assisted homogeneous catalyst 
recycle in asymmetric hydrogenation 
3.1 Abstract 
This chapter describes the application of OSN in the recycle of homogeneous catalysts. 
Several methanol-ionic liquid solvent systems were screened in the asymmetric 
hydrogenation of dimethyl itaconate to dimethylmethyl succinate with Ru-BINAP. In 
the majority of solvent systems, high catalyst rejection (>99%) allowed the catalyst to 
be separated from the hydrogenation product and simultaneously recycled using OSN. 
Significant enhancement of the enantioselectivity and catalyst stability of Ru-BINAP 
with the ionic liquid trihexyl(tetradecyl)phosphonium chloride (CyPhoslOl) was also 
observed. Membrane limitations associated with this OSN application are identified and 
will be addressed in the following chapters. 
(The work in this chapter was carried out in collaboration with Hau To Wong [118]) 
3.2 Homogeneous catalyst recycle in asymmetric hydrogenations 
In the production of chiral molecules with high conversions and enantiomeric excesses 
(ee), the omission of waste generating chiral resolution and chiral chromatographic 
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steps are possible through asymmetric catalysis. In 2001, Knowles and Noyori were 
jointly awarded the nobel prize in Chemistry (together with Sharpless) for their 
pioneering work in the development of asymmetric hydrogenation catalysts. This 
highlighted the importance of asymmetric hydrogenations in conferring chirality in the 
synthesis of organic molecules. 
Whilst the chemistry is technically significant, the necessary work-up (e.g. distillation, 
extraction, filtration) to separate the catalyst from the product and methods to achieve 
the desired product purity (e.g. crystallisation [119], adsorption) are often non-trivial 
and are rarely studied academically [120] or pursued in detail. 
A specific application of OSN is in the area of homogeneous catalyst recovery. Early 
work in the use of membranes for recycling of transition metal catalysts (TMCs) from a 
reaction mixture was reported by Giffels et al. [121], who by the addition of derivitising 
agents enlarged a catalyst complex that could then be retained by a membrane. 
Following the development of suitable membranes for non-aqueous systems [53,65], the 
use of NF has become an attractive option for the separation of catalysts from products 
in homogeneous catalysis [64,75,122,123]. 
The development of new ways to recycle homogeneous catalysts in order to increase the 
turnover number (TON) potentially makes processes requiring high catalyst loading 
feasible [124]. The TON is defined as the moles of product per mole of catalyst used 
(Equation 3.1). Membranes have been applied to recycling of catalysts anchored on 
polymers or dendrimers (enlarged systems) and more recently, to unsupported catalysts 
(non-enlarged systems) using suitable membranes [122,125,126]. 
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Moles of catalyst added 
3.2.1 Enlarged catalyst systems 
Polymer enlarged homogeneous catalysts 
Asymmetric hydrogenations have been conducted using polymer enlarged 
homogeneous catalysts. Dwars et al. [127] reported the use of micellar Rhodium (Rh) 
catalyst in the asymmetric hydrogenation of a-acetamidoacrylic acid methyl ester in 
aqueous media in a repetitive batch experiment. The catalyst was embedded in a 
triblock copolymer (P105) and was retained using an UF membrane with rejections of 
>99%. The catalyst saw no loss of activity or enantioselectivity but some leaching of the 
catalyst through the membrane was observed. Polymer enlarged catalysts were also used 
by Kragl et al. [128] and Giffels et al. [121] in addition reaction and reduction 
experiments respectively. In general, the use of such polymer enlarged homogeneous 
catalysts have increased the TON, and in most cases have selectivities in similar ranges 
to that of the unsupported catalyst. 
Dendrimer enlarged homogeneous catalysts 
The use of dendrimers as soluble supports for homogeneous catalysts has received 
increasing attention over the past few years [129]. Dendrimers are well defined 
hyperbranched macromolecules with a characteristic globular structure for the larger 
systems. Kragl et al. [130] pioneered the use of dendrimers in a continuous process 
using membranes. The use of nikelated carbosilane dendrimers was reported by Kleij et 
al. [131]. NF experiments in a membrane reactor using MPF-50 showed high rejections 
(97.4 and 99.8%) of the dendrimers. However, rapid deactivation of the dendrimer was 
observed when the system was applied to a Kharasch addition. Rhodium catalysed 
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asymmetric hydrogenation of dimethyl itaconate (DMI) in methanol (MeOH) was also 
performed by Togni et al. [132]. High enantioselectivities (>98% enantiomeric excess, 
ee) using dendritic catalysts were demonstrated and the authors claimed there was 
complete retention of the catalyst. However no detailed description of the experiments 
was mentioned apart from the membrane type (Millipore, Centricon 3). The ee of the 
desired enantiomer (S) is defined as follows: 
ee (5) = X100% (3.2) 
[S] + [R] 
3.2.2 Non-enlarged catalyst systems 
Early work in the separation of homogeneous catalysts using RO membranes was 
described by Gosser et al. [133]. However, the first reported instance of using OSN in a 
coupled hydrogenation reaction was described by De Smet et al. They reported the 
continuous enantioselective hydrogenation of DMI with Ru-BINAP and methyl 2-
acetamideoacrylate (MAA) with Rh-EtDUPHOS [125]. The reactions were conducted 
in continuous mode with a TON of 1950 and 930 achieved respectively. 
Further work by Nair et al. [134] showed that recycling of an asymmetric hydrogenation 
catalyst using OSN could significantly increase the TON of a hydrogenation reaction. In 
the reaction, Ru-BINAP was used in the hydrogenation of DMI to 
dimethylmethylsuccinate (DMMS). The reported TON of 6950 to 13100 was 
significantly higher than that reported by De Smet et al. [125]. The choice of suitable 
membranes allows high rejections (> 99.9%) of an off-the-shelf catalyst without the 
need for initial derivatisation and post reaction work-up to obtain the pure product. 
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Table 3.1 summarises several works on asymmetric hydrogenation reactions coupled 
with OSN for the recycle of homogeneous catalysts. 
Table 3.1: Asymmetric hydrogenation reactions coupled with OSN in homogeneous 
Catalyst Type Solvent Membrane Catalyst 
rejection 
Enantiomeric 
excess 
Ref 
Micellar Rh H2O Y C 0 5 - U F 99.5 94 70% [127] 
Dendritic Rh MeOH Centricon-3 - 98% [1321 
Ru-BINAP MeOH MPF-60 >98 94 93% [125] 
Rh-EtDUPHOS MeOH MPF-60 >97% 95% [125] 
Ru-BINAP MeOH Starmem™ 122 97.5 94 87% [134] 
3.2.3 Ionic liquids (ILs) in asymmetric hydrogenation 
Ionic liquids (ILs) are liquids that consist solely of cations and anions. Compared to 
conventional organic solvents, ILs have low melting temperatures, low vapour 
pressures, tunable polarities and high thermal stability [135,136]. The use of ILs [135] 
in chiral catalysis has been shown to improve catalyst stability and product regio- and 
enantioselectivity in some reactions [137-141] by optimising the ions. 
In asymmetric hydrogenations, ILs have primarily been used in biphasic reactions 
where they are used in catalyst recovery and re-use [142,143]. However enhancement of 
catalytic enantioselectivity has also been observed in the presence of ILs. Steines et al. 
[144] demonstrated an improvement of selectivites in a biphasic asymmetric 
hydrogenation of sorbic acid from 70 to 90%. ILs can also hinder and even inhibit 
[143,145] reaction rates due to poor mass and heat transfer characteristics arising from 
their high viscosities. In asymmetric hydrogenations, the solvent also plays a vital role 
in the catalytic cycle thus substitution of the preferred alcohols to ILs can result in total 
reaction inhibition [143] by suppressing the formation of the active intermediates. 
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It has recently been demonstrated that homogeneous mixtures of ILs and solvents can 
improve catalyst stability without compromising reaction rates [2,145]. In parallel, OSN 
has recently been used in the effective separation of reaction products from ILs 
[146,147]. This chapter describes the use of homogeneous MeOH-IL systems in the 
asymmetric hydrogenation of DMI to DMMS using Ru-BINAP. OSN is applied in 
tandem for the simultaneous recycling of the asymmetric hydrogenation catalysts and 
ILs. A surprising and significant increase in the ee and catalyst stability was observed in 
the presence of some ILs. 
3.3 Reaction scheme 
.O 
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O 
A O' 
Dimethyl itaconate 
(R -Ru-BINAP 
H, 
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MeOH 
35°C 
20 bar 
O 
O 
~0' 
(S)-Dimethyl methylsuccinate 
Figure 3.1: Asymmetric hydrogenation of dimethyl itaconate (DMI) to dimethyl methyl 
succinate (j'-DMMS) with Ru-BINAP. 
An off-the-shelf catalyst (Ru-BINAP) was chosen over others with more sophisticated 
ligands [125,148] to demonstrate the possibility of using a lower-cost catalyst and 
improving its performance via the addition of ILs. The asymmetric hydrogenation of 
DMI (MW - 158 g mol"') to DMMS (MW - 160 g mol"') with Ru-BINAP (MW Ru-
BINAP - 794 g mol'^) (Figure 3.1) was selected as the model system. A range of ILs 
(Table 3.2) with varying structures and molecular weights were screened for catalytic 
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enhancement and recyclability. Starmem™ 122 (MWCO 220 g mol"') was used in this 
work to retain the catalyst and ILs whilst allowing the permeation of the product. Both 
the substrate and product were not rejected by the membrane. 
Table 3.2: Solvent systems and IL used in this study. 
Entry Solvent system Ionic Liquid ILMW (g mol"') 
1 MeOH - -
2 MeOH + CyPhos 101 Tetradecyltrihexyl phosphonium chloride 519 
3 MeOH + CyPhos 103 Tetradecyltrihexyl phosphonium 655 
decanoate 
4 MeOH + CyPhosllO Tetradecyltrihexyl phosphonium 629 
hexafiuorophosphate 
5 MeOH + CyPhos 111 Tetradecyltrihexyl phosphonium 570 
tetrafluoroborate 
6 MeOH + BmimPFe l-n-butyl-3 methylimidazolium 287 
hexafiuorophosphate 
7 MeOH + BmimBF4 l-n-butyl-3 methylimidazolium 228 
tetrafiuoroborate 
8 MeOH + EES 00 Cocosalkyl pentaethoxi methyl 546 
ammonium methosulfate 
9 MeOH + TBACl Tetra butyl ammonium chloride 278 
10 MeOH + TPPCl Tetra phenyl phosphonium chloride 375 
Figure 3.2 shows the reaction mechanism for asymmetric hydrogenation of DMI using 
Ru-BINAP. The reaction mechanism has been described by several authors to proceed 
in the following general steps [149-152], Step 1 involves the loss of CI ions from the 
catalyst precursor yielding three free sites to which the solvent molecules coordinate. 
This is followed by the addition of hydrogen to form a monohydride species (step 2). 
The substrate then coordinates to the two other sites (step 3). The configuration dictated 
by the BINAP ligand at this point determines the enantioselectivity [153]. Following 
this, hydride insertion yields the active intermediate in step 4. Two possible pathways 
are then possible to regenerate the catalyst. The first involves the attack of a hydride on 
the carbonyl oxygen (step 5) to release the product. The second involves the donation of 
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a proton from the solvent and subsequent removal of the product and regeneration by 
gaseous hydrogen (steps 6 and 7). 
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-product 
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Figure 3.2; Catalytic cycle for the enantioselective hydrogenation of DMI using Ru-
BINAP catalyst. (Adapted from [149-152].) S; solvent. 
The reaction rates of several steps (2, 5 and 7) are dependent on H2 concentration in 
solution. Landis and Halpem [154] show that the origins of enantioselectivity are 
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dictated by the reaction rates {kRCni" or ksCni") of the diasteromeric adducts (Step 2) in 
the reaction scheme. This has been summarised by Heller et al. [155]. 
E-DMIR ^ D M M S - R 
E + DMI 
E-DMIG D M M S - S 
Figure 3.3: Asymmetric hydrogenation reaction pathway. (E: Solvent complex of Ru-
BINAP, DMI: dimethyl itaconate, E-DMIR: substrate complex, DMMS-R,S: active 
intermediates) 
The effect of hydrogen concentration has been elaborated by Berger et al. [156]. Whilst 
hydrogen pressure is often reported as an experimental condition, it is in fact the 
hydrogen solubility that induces different effects on the enantioselectivity in asymmetric 
hydrogenation with Ru-BINAP. This could be due to the relative reaction rates in the 
formation of the major and minor active intermediates [154,155]. 
Previous works within this group [118,134] have reported the hydrogenation of DMI 
with recycling of Ru-BINAP using OSN membranes, either using high catalyst loadings 
(S/C = 800), or lower initial loadings (S/C = 4,000) accompanied by addition of further 
catalyst (at S/C = 20,000) in subsequent reactions. In this work, an initial S/C was 
chosen at 6,000 to demonstrate the improvement in the catalyst stability and 
recyclability due to the presence of an IL. 
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3.4 Experimental 
3.4.1 Chemicals 
Dichloro[(R)-(+)-2,2'-bis(diphenylphosphino)-l, I'-binaphthylJruthenium (II) (Ru-
BINAP) (min 95%) was purchased from Strem Chemicals Inc., UK. CyPhos ionic 
liquids were kindly donated by Cytec Canada Inc., Canada. l-n-Butyl-3 
methylimidazolium hexfluorophosphate (BmimPFg) and l-n-Butyl-3 
methylimidazolium tetrafluoroborate (BmimBFe) were purchased from Alfar Aesar, 
UK. Cocosalkyl pentaethoxi methyl ammonium methosulfate (EcoEng 500) was 
obtained from Solvent Innovations GmbH, Germany. All other reagents and chemicals 
were purchased from Sigma Aldrich, UK. 
3.4.2 Asymmetric hydrogenation procedure 
All catalyst preparation, reactions and titrations were carried out in a glovebox with an 
Ar atmosphere due to the sensitivity of the catalyst to oxidative degradation either 
through ligand oxidation or through metal deposition [157,158]. The membrane was put 
into the a dead end NF cell (METcell, Membrane Extraction Technology, UK) and 
flushed with 600 ml of degassed MeOH to condition the membrane. The cell was then 
kept in an Ar atmosphere with 50ml of MeOH to prevent the membrane from drying 
out. In a typical reaction, a solution of DMI/methanol/IL (80/10/10 wt %) was degassed 
using the Schlenk technique under Argon for 30 min. The solution was then transferred 
into the glovebox. The NF cell was emptied and charged with the required amount of 
catalyst followed by the solution. The solution and catalyst was continually agitated for 
30 min at 35°C to enable total dissolution of the catalyst before Hz was used to 
pressurise the system to 20 bar for 3.5 h to initiate the reaction. The solution was 
agitated throughout the reaction to minimize liquid side mass transfer resistance. 
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3.4.3 Homogeneous catalyst and IL recycling 
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Figure 3.4: Reaction - filtration cycle for recycle of homogeneous asymmetric 
hydrogenation catalyst and IL (NC = normally closed). 
After the stipulated reaction time, Hz supplied in excess served as the pressure driving 
force for the product/IL recovery stage by OSN. After each reaction-filtration cycle, the 
valve on the penneate side was opened and 80 ml of permeate was taken. Fresh solvent 
and substrate were added to make up a feed solution of 100 ml for subsequent cycles 
(Figure 3.4). A fresh membrane was used between separate runs which consist of 
several reaction filtration cycles with a particular solvent system. 1 ml samples of the 
feed, permeate and retentate were used to determine the process yield and enantiomeric 
excess (ee) of each cycle (/). The process yields (J}>roc) and ee are defined as follows: 
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Y j,proc xlOO^o (3.3) 
jjeed J y 
ee(%) = Wdmms X100% (3.4) 
This thesis focuses on the process yield on the whole as unreacted material is carried 
into subsequent cycles. However, the individual reaction yields Yj^xn for cycle j can be 
calculated as follows: 
Y = 
j,rxn xlOO%o (3.fO 
3.4.4 Analytical techniques 
Gas chromatography (6850 Series II, Agilent Technologies, UK) fitted with a HP-1 
capillary column 30 m x 0.32 mm nominal diameter, 0.25 mm film thickness 100 % 
dimethylpolysiloxane stationary phase and a flame ionisation detector was used to 
determine the concentrations of DMI and DMMS in the samples. A coefficient of 
variation was estimated to be below 2% for 10 measurements of each component. The 
ee was determined by HPLC using a Daicel Chiralcel OD-H column with 90:10 
(hexane:i-PrOH) as the mobile phase at 220 nm. 
Inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin Elmer 
2000DV) was used to determine the final elemental content of Ru and P in the permeate 
and retentate samples. The samples were first evaporated at 30°C to remove the solvent. 
5 ml of Aqua regia was then added to the residue and digested in a microwave digester 
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(MARS, CEM Microwave Technology Ltd, UK) at 175°C for 20 min. The sample tubes 
were then cooled at 4°C for 12 h after which 20 ml of deionised water was added. The 
samples were then analysed for the respective metal contents. The error in measurement 
of 4 samples was < 8% for Ru and < 5% for P. 
3.5 Results and discussion 
3.5.1 Solvent system screening 
The results for the screening of different MeOH/IL systems are shown in Figure 3.5, 
which plots process yield and ee as a function of the reaction-filtration cycles. Reactions 
in the MeOH/CyPhoslOl and MeOH/TBACl (Figure 3.5 Entries 2 and 9) systems 
showed a surprising and significant selectivity enhancement, increasing the ee from 
75% to 95% over the pure MeOH system (Figure 3.5 Entry 1). The yields for the initial 
two cycles for the MeOH/CyPhoslOl system were low but the reactions reached 
completion after the third cycle. This effect was more pronounced for the reaction in the 
MeOH/TBACl system, which, although achieving high ee, exhibited decreasing process 
yields in consecutive 3.5 h cycles. 
.® 60 
100 
80 
6 0 -
40 
2 0 -
0 -
MeOH (Entry 1) 
MeOH + CyPhos101 (Entry 2) 
MeOH + CyPtios103 (Entry 3) 
MeOH + CyPhos110 (Entry 4) 
MeOH + CyPtios111 (Entry 5) 
MeOH + BmimPFg (Entry 6) 
MeOH + BmimBF4 (Entry 7) 
MeOH + EE500 (Entry 8) 
MeOH + TBACl (Entry 9) 
MeOH + TPPCI (Entry 10) 
Cycle Cycle 
Figure 3.5: Screening of IL/MeOH mixtures for conversion and ee after 3.5 h. Reaction 
conditions: 10 wt% DMI, 10 wt% IL, S/C 6,000, 20 bar and 35°C. The standard 
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deviations of process yield and enantiomeric excess for repeated reactions are within 
5% and 1% respectively. 
The remaining systems had no or even inhibitory effects on the process yield in 
comparison to the pure MeOH reaction. Reactions with CyPhosl03, EE500 and TPPCl 
achieved negligible process yields in 3.5 h and hence the ee was not measured. In the 
rest of the solvent systems, the reaction cycles mainly followed the trend of high 
process yields for the first two cycles and a subsequent decline in the 3rd and 4th cycles. 
This might be due to catalyst instability in the MeOH/IL systems or to the loss of the 
active catalytic species through the membrane in the filtration work-up between cycles. 
This initial screening suggests that the MeOH/CyPhos 101 system improves the catalyst 
stability and recyclability, hence prompting further investigation. 
3.5.2 MeOH/CyPhoslOl solvent system: further investigation 
120 
"O 
0) 
i 
o 
MeOH (Entry 1) 
No pre-activation or catalyst 
re-addition after initial 
charge (Entry 2) 
20 hrs pre-activation and no 
catalyst re-addition after 
initial charge (Entry 11) 
20 hrs pre-activation and 
re-addition of S/C 60,000 
per cycle after initial catalyst 
charge (Entry 12) 
Cycle 
Figure 3.6: Effect of catalyst pre-activation and catalyst re-addition on process yield at 
3.5 h. (ee >95% for runs with CyPhoslOl) 
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The process yield for the MeOH/CyPhoslOl system was observed to increase over the 
first 2 cycles, suggesting that perhaps catalyst pre-activation was necessary in the 
presence of CyPhoslOl. Further investigation of this system showed that after a first 
reaction for 20 h, enhanced reaction rates were achieved for the following cycles 
resulting in quantitative process yields in consecutive 3.5 h cycles (Figure 3.6 Entry 11). 
High ee was maintained for all cycles (ee >95%) and the reaction was able to proceed 
for 8 cycles with a slower decline in catalytic activity compared to the reaction in pure 
MeOH (Figure 3.6 Entry 1). This corresponds to an increase in the cumulative turnover 
number (TON = total mols DMMS in all cycles/mols catalyst added) to 43,500 in the 
MeOH/CyPhoslOl system as compared with 13,500 in the MeOH system, 
demonstrating a marked improvement in the recyclability of the catalyst in the presence 
of CyPhoslOl. Subsequently, catalyst re-addition at S/C 60,000 after each reaction-
filtration cycle was found to be sufficient to ensure no decline in catalytic activity or 
selectivity after 8 cycles (Figure 3.6 Entry 12). CyPhoslOl was not added to each cycle 
due to its high rejection (>92%). However, losses can be significant over several cycles 
thus prompting a sensitivity analysis of CyPhoslOl concentration on the ee carried out 
in the following section. This procedure illustrates how the beneficial effects of IL can 
be exploited together with catalyst recycling via the use of OSN in asymmetric 
hydrogenations. 
3.5.3 Catalyst pre-activation 
Whilst catalyst pre-activation resulted in high process yields in the first 6 reactions, this 
also suggests that the IL imposes a rate limiting effect for the first cycle. Increased 
viscosity and/or higher chloride concentration in solution might account for slower 
catalyst activation period at high IL concentrations (Step 1 Figure 3.2). Table 3.3 shows 
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the effect of changing IL concentrations on reaction rates and ee. A compromise 
between the ee and reaction rates could be achieved by decreasing the amount of IL 
added. 
Table 3.3: Effect of IL concentration on process yield and ee after 3.5 h. Reaction 
conditions: S/C 6,000, 20 bar and 35°C. 
IL IL Cone. (wt%) Process Yield (%) ee (%) 
CyPhoslOl 10 17 95 
CyPhoslOl 1 68 96 
CyPhoslOl 0.1 76 92 
CyPhoslOl 0.01 81 75 
TPPCl 10 0.7 -
TPPCl 1 77 93 
TPPCl 0.1 73 93 
LiCl 0.1 80 78 
Experiments with the MeOH/CyPhoslOl system and TPPCl at reduced IL 
concentrations in the feed solution showed a similar trend. It was observed that for both 
ILs, quantitative yield could be achieved without an initial catalyst pre-activation phase 
by decreasing the IL concentration to 0.1 wt %. However, further reduction of IL to 
0.01 wt % no longer confers the beneficial effect of improved enantioselectivity hence 
indicating that a minimum amount of IL was required to interact with the catalyst 
precursor to achieve a high enantioselectivity. The similarity in performance of 
CyPhoslOl and TPPCl could be attributed to the similarity between the structures of the 
ILs (Figure 3.7). However, as shown in Figure 3.5, variations in the anion (CyPhosl03, 
110 and 111) resulted in drastically different results with little or no improvement of 
enantiomeric excess and process yield, suggesting that the anion is crucial to the 
interaction between the IL and the catalyst. To test if the effect was solely due to the 
presence of CI, reactions were carried out with LiCl. The similarity in reaction 
performance to the MeOH system (Table 3.3) suggests that the enantioselectivity 
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enhancement of CyPhoslOl, TPPCl and TBACl is attributable to the interaction of the 
whole IL and not the anion alone. 
CI 
CyPhoslOl Tetraphenylphosphonium chloride 
Figure 3.7: Chemical structures of CyPhoslOl and tetraphenylphosphonium chloride. 
As explained in section 3.3, H2 concentration in the reaction solvents can affect the 
formation of the diastereomeric adducts (Figure 3.3) and hence result in significant 
changes to the ee. In particular, H2 mass transfer limitations could be expected in higher 
viscosity MeOH-IL solvent mixtures (Viscosity of CyPhoslOl at 25°C = 2540 mPa s ). 
To determine if the reactions of entry 1 and 2 (Figure 3.5) were H2 limited, the catalyst 
loading for both reactions were increased from S/C 6,000 to 1,500 (Table 3.4). At a 
higher catalyst loading, higher reaction rates would rapidly deplete dissolved H2 thus 
inducing mass transfer limitation conditions. 
Table 3.4 shows the reaction rate and corresponding liquid film mass transfer 
coefficient for both reactions in MeOH and MeOH-CyPhoslOl for several S/C ratios. 
Both solvent systems showed similar observations of increasing reaction rates with 
catalyst loading with no significant changes to the ee. The liquid film mass transfer 
coefficient {kid) was calculated to be 1.2 x 10'^  and 1.8 x 10'^  s"' for H2 in MeOH and 
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MeOH-CyPhoslOl mixtures respectively. If the systems were mass transfer controlled, 
k would be equal to kiu. As kia is calculated to be larger in most instances, this shows 
that the reactions were not mass transfer limited. This indicates that increases in ee 
observed for CyPhoslOl, TPPCl and TBACl at S/C 6,000 is due to interactions between 
the catalyst precursor and the IL. 
Table 3.4: Effect of catalyst concentration on rate of hydrogen uptake in pure methanol 
System S/C Rate of Hz 
uptake (bar h'^ ) 
Reaction rate^ kLu' (s') ee (%) 
MeOH 6,000 15 4.2 X 10'^  L2 X 10'^  80 
MeOH 3,000 32 8.9 X 10'^  1.2 X 10-2 78 
MeOH 1^00 225 6.3 X 10'^  L2 X 10'^  78 
MeOH/CyPhoslOl 6,000 3 8.3 X 10-^  1.8 X 10'^  96 
MeOH/CyPhos 101 1,500 6 L7 X 10'^  1.8 X 10'^  96 
^ The procedures for the determination of kiu for the two solvent systems are shown in 
Appendix A. 
Analysis of the permeate and retentate samples (Table 3.5) shows that the majority of 
the ILs lower the catalyst rejection perhaps due to swelling of the membrane [159]. Low 
catalyst rejection for TBACl also corroborates the declining process yields observed in 
Figure 3.5. Ru to P ratios for the reaction in pure MeOH saw a (mol) ratio of 0.55 in the 
retentate and 0.08 in the permeate. For the retentate, the 0.55 ratio is close to the 
stoichiometrically expected ratio of 0.5. The low Ru:P ratio in the permeate suggests 
that the (deactivated) catalyst does not pass through the membrane in its original form 
but breaks down with the P segment preferentially passing across the membrane. 
Table 3.5: Ru-BINAP and IL rejection across Starmem™ 122 at 20 bar. 
IL IL Cone. (wt%) Catalyst Rejection" (%) IL Rejection^ (%) 
No IL : 99^ 9® 
CyPhoslOl 10 99.9* 98.1 
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CyPhoslOl 1 99.4 92.5 
CyPhoslOl 0.1 95.1 93.1 
CyPhoslOl 0.01 97.6 99.5 
CyPhosl03 10 96.9 93.5 
CyPhosllO 10 99.9^ 95.5 
CyPhosll l 10 99.9 97.9 
TBACl 10 45.4 
TPPCl 10 97.7 95.2 
BmimPFe 10 95.6 -35.4 
BmimBF4 10 97.2 
EE500 10 98.4 
" Based on Ru rejection. 
^ Catalyst concentration below detectable limit of 0.004 mg L"' in the permeate. 
Based on P rejection. C 
3.6 Conclusion 
This chapter demonstrates the use of OSN in the recycling of homogeneous catalyst in 
the asymmetric hydrogenation of DMI with Ru-BINAP. The MeOH/CyPhos 101 solvent 
system is observed to confer significant enhancement of the catalyst enantioselectivity 
and recyclability. Recycling the catalyst and IL over 8 cycles with catalyst re-addition 
gave a TON of 28,000 with no loss of activity or enantioselectivity. This may be further 
improved to a value closer to 60,000 by increasing the number of recycles. 
Although homogeneous catalyst recycled using OSN has been demonstrated in this 
chapter, several critical issues have still to be addressed. Significant losses of the 
catalyst and IL through the membrane in the filtration step necessitate re-addition of 
reagents between each cycle. Whilst these losses may seem small, they can result in the 
build up of significant amounts of TMC in the final product. At present, levels of Ru in 
a typical post reaction mixture is approximate 4 ppm (wt/wt product) which is at the 
limit of 5 ppm [160] imposed by the European Agency for the Evaluation of Medicinal 
Products (EMEA) on permissible levels TMC in pharmaceuticals. Unless membrane 
rejections of TMC are understood and better controlled, the further reduction of 
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transition metals in the final product v/ould require hybrid processes including further 
product purification using other methods (e.g. crystallisation, metal absorption [161]). 
In complex reaction mixtures, membrane permeability can also suffer with increased 
product concentrations and viscosities. This would severely affect membrane flux and 
result in longer equipment turn around times if operated batch-wise. If OSN is to prove 
a simple liquid phase separation alternative as opposed to traditional product isolation 
routes (e.g. crystallisation), the process requires significant refinement. Better 
understanding in OSN transport mechanism and factors infiuencing membrane 
selectivity will enable better process control and design. 
Table 3.6: Selected industrial applications of asymmetric hydrogenation in the 
pharmaceutical industry. 
Entry Type of 
reaction 
MW (g mof ' ) 
Product Catalyst Comments Ref 
1 Enamide 406 493 [(C0D)RhCl]2 [162] 
hydrogenation Ligand MW: 431 g mol'^ 
Temp: 60°C 
2 Olefin 365 612 Ru-cymene [163] 
hydrogenation Organic bases used. 
3 Olefin 215 660 Rh-DuPhos [164] 
hydrogenation Part of multi stage process, 
residual solvents from 
preceding and subsequent 
stages include THF, KOH 
4 Olefin 247 423 Rh(C0D )2 BF4 [164] 
hydrogenation Ligand MW: 431 g mol"^  
Temp: 45°C 
5 Olefin 247 558 (TCP)Rh BF4 [165] 
hydrogenation Organic bases used. 
6 Olefin 301 748 MeOBiphepRuBrz [166] 
hydrogenation The preferred solvent is a 
water/THF mixture. 
Table 3.6 shows the reagents and MW used in some typical commercial asymmetric 
hydrogenation reactions. Many of the applications are part of multi-step synthesis which 
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comprises mixtures of solvents, reagents and conditions that might be detrimental to 
long term membrane performance. In most cases, the product and catalyst MW are also 
very close. Hence membranes with better species discrimination are required. To 
address these issue, it is first necessary characterise the membrane separation 
performance. In the following chapter, several techniques are developed to determine 
the MWCO of OSN membranes. Later in the thesis, the chemical stability of OSN 
membranes will be investigated and improved to allow further applications in harsh 
solvent environments. The effect of the MWCO on the ease of molecular discrimination 
will also be revisited. 
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4. Functional characterisation of OSN membranes 
4.1 Abstract 
This chapter describes the procedures and methods used to determine the functional 
characteristics of OSN membranes. In particular, a method to determine the relationship 
between solute molecular weight and rejection, often referred to as the MWCO curve of 
OSN membranes. This method utilises a homologous series of styrene oligomers 
spanning the NF range (200 - 1000 g mof') . Good separation of the individual 
oligomers was achieved using liquid chromatography with a reverse phase CI8 column. 
The good solubility of the styrene oligomers in many organic solvents makes cross 
comparison of membrane performance across these solvents possible. This method also 
allows the determination of the molecular weight at which a rejection of >99.9 % occurs 
in different solvents, making it a useful tool for the testing of membrane and equipment 
integrity. 
(The work in this chapter has been carried out in collaboration with Loh X. X. from the 
Department of Chemical Engineering and Chemical Technology, Imperial College 
London) 
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4.2 Introduction 
In pharmaceutical and biotechnological applications, many compounds are isolated and 
concentrated using NF and UF membranes. A consistent and reliable method of 
measuring separation performance allows membrane manufacturers to both improve 
their membranes and provide information for end users to make a selection [167]. 
Membrane characterisation parameters may be described as either morphology related 
or performance related [61]. Morphological parameters include both physical (e.g. pore 
size, pore size distribution, skin layer thickness) and chemical parameters (e.g. charge, 
hydrophilicity, zeta potential), whilst permeation related parameters describe functional 
properties such as flux and rejection. Permeation parameters are often more practical for 
membrane selection due to the effect of different process conditions [62] on the 
performance of membrane systems, and the difficulty in relating morphological 
parameters to membrane performance. 
In OSN, whilst often not considered a fundamental membrane property, membrane 
selection is still often based upon the MWCO as specified by the manufacturer [63]. 
The MWCO is defined by plotting the rejection of solutes versus their molecular 
weight, and determing the molecular weight of solute corresponding to 90% rejection. 
However, as techniques for obtaining MWCO values are often not disclosed, this leads 
to non-uniformity both in academia and within the industry. Differing methods might 
lead to inconsistencies, and the selection of a suitable membrane often necessitates the 
screening of many membranes. In OSN, where the solvent environments can have a 
significant influence over the rejection of different species [30,74], a method allowing 
the cross comparison of the MWCO in different solvents would be highly advantageous. 
Whilst standardised methods have been developed for aqueous NF systems using salts 
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and sugars [168] (e.g. raffinose, maltose), a standardised method has yet to be proposed 
for use in organic solvent systems. 
4.3 Membrane characterization methods 
Many methods have been chosen in the literature by different authors to try and 
characterise the MWCO of OSN membranes. Table 4.1 summarises different 
membranes and methods that have been used. 
The alkane system reported the use of both branched and linear alkanes of increasing 
MW to determine the MWCO [75]. It was demonstrated that branched molecules had 
higher rejections in polyimide OSN membranes than their linear equivalents. This 
suggests that both size and the structure of the solute play an important role in 
permeation. In order to obtain a smooth MWCO curve, a test solution consisting of a 
homologous series of components can be used to minimise the influence of differing 
structures. This method allows the accurate determination of the MWCO at a low range 
of 100 - 400 g mol"'. However, drawbacks of using alkanes include the lack of 
commercially available pure species of molecular weight > 400 g mol'^ and the 
difficulty of detecting these compounds. Limited solubility in many more polar organic 
solvents also makes it difficult to compare the MWCO of membranes across different 
solvents. 
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Table 4.1: Summary of methods used for the determination of the MWCO of membranes. 
•-J 
to 
MemhrandMethod Solvent/Solute system Method of detection Ref. 
Alkanes 
Lenzing P84 Toluene/«-Decane, 1-Methyl naphthalene, n-
Hexadecane, 1-Phenylundecane, Pristane, n-
Docosane 
Gas chromatography (Hewlett Packard), 
MXT-5 column (Restek Corporation). 
[25,75] 
Dyes 
Membrane D, YK Hexane, Methanol, Ethanol/Sudan IV, Fast green 
FCF, Hexaphenyl Benzene 
UV-Vis [76] 
MPF-44, MPF-50, MPF 60, 
Desal 5, Desal DK 
Water, Methanol, Ethyl acetate, Toluene/Orange II, 
Safranine 0 , Solvent Blue 35 
UV-Vis [20] 
Molecules of increasing MW 
Polydimethylsiloxane (PDMS) 
on polyacrylonitrile (PAN) 
Xylene/Series of polynuclear aromatic and 
organometallic compounds MW 154 - 612 g mol'^ 
UV-Vis [169] 
support 
Desal-5-DK Methanol, Ethanol/Series compounds with different UV-Vis [170] 
MPF-50 polarities MW 228 - 880 g mol"^  
Starmem^*^ 122 Quaternary ammonium salts of increasing 
molecular weight. 
Gas chromatography [71] 
Polymers 
Zirconia, PDMS Butanone, Ethyl Acetate, Hexane, 
Toluene/Polystyrene, Polyisobutylene 
Size exclusion chromatography [44,171] 
Silica Zirconia Methanol, Ethanol/ Polyethylene Glycol Liquid chromatography, refractive index 
detector 
[16] 
NF-45, SW-30, MPF-44, MPF-
60, TFC-S, TFC-SRl, TFC-
SR2, DK, G-5, 7450 
Ethanol/PEG of increasing molecular weights (200 
- 1000 gmol"^), sugars (glucose, maltose, 
maltotriose, maltotetraose), lipids (oleic acid, 
monoolein, diolein, triolein) 
PEGs analysed using TOC. 
Sugars analysed using liquid 
chromatography with a refractive index 
detector. Lipid concentration determined 
gravimetrically. 
[21] 
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An extension of the alkane system is the use of different compounds with increasing 
MW covering the NF range. Although the MW gives an indication of the expected 
rejection, variability in the structure and functionalities of the compounds results in 
differing solute-membrane interactions, and a non-linear increase in rejection with MW 
[172]. A plot of rejection against a solute length dimension gives a more accurate 
reflection of the MWCO in most cases. Van der Bruggen et al. [169,173] reported a 
good correlation between different size parameters (e.g. MW, Stokes' radius, calculated 
molecular diameter) and rejection. This method also precludes the possibility for the 
determination of the MWCO in a single filtration as the detection of multiple 
compounds in a single test solution is not easily feasible. Thus a series of filtrations, 
each with a single solute, may be necessary. The conformation of solutes is also highly 
solvent dependent and different molecules could result in poor correlations. 
Several researchers [20,33,76] have proposed the use of dyes to estimate the MWCO of 
OSN membranes. Analysis of dye concentration using a UV spectrophotometer is a 
quick and effective means to determine if there is selective permeation of dyes of 
different MW. Unfortunately, although most dyes have a peak absorption wavelength, 
they absorb over a range of wavelengths. This prevents the use of a range of different 
sized dyes in a single test to determine the MWCO. Furthermore, many dyes are 
charged and could have interactions with the membrane, thus altering the observed 
rejection. The limited solubility of dyes in a broad range of solvents also limits their 
further application. 
The use of homologous polymers with steadily increasing MW has several attractive 
characteristics. With the uniformly increasing monomer units, oligomers of polymers 
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are ideal for the characterisation of membranes. However, the analysis of these 
oligomers has thus far been achieved using size exclusion chromatography (SEC), and 
quantification in the NP range has proved to be difficult. Processing the detector output 
requires the de-convolution of the overlapping polymer peaks [167]. 
The methods reviewed above each possess several properties that might be useful for 
the determination of the MWCO, however none are ideal at providing an accurate 
picture of the separation characteristics. Whilst 'standard' [62,167] methods are 
available in the characterisation of the MWCO for aqueous NP, UP and MP membranes 
there is no such method currently applicable to OSN membranes. An ideal method 
should possess the following attributes: 
• Solutes should be soluble in a range of polar and non-polar organic solvents; 
• MWCO curve determination should be by a reproducible method in a single 
filtration; 
• Rejection of individual solutes in small increments in molecular weight from 200 to 
1000 g mof ' should be possible; 
• Inert molecules that are unlikely to have chemical interactions with the membrane 
polymer should be employed. 
In this chapter, a simple and reliable method with the attributes above has been 
developed to characterize the MWCO of OSN membranes. This method uses styrene 
oligomers to determine the MWCO in several organic solvents. The materials and 
methods used are described, and issues pertaining to possible leaks in the membranes or 
seals are highlighted in view of the results obtained from the experiments. 
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4.4 Experimental 
4.4.1 Chemicals 
The solutes used include a range of n-alkanes purchased from Sigma Aldrich, UK 
(decane, dodecane, tetradecane, hexadecane, docosane and hexacosane) and a 
homologous series of styrene oligomers. The styrene oligomer mixture contained a 
mixture of PS580, PS 1050 (purchased from Polymer Labs, UK) and a-methylstyrene 
dimer (purchased from Sigma Aldrich, UK). The organic solvents used include toluene, 
methanol, hexane, tetrahydrofuran and ethyl acetate (AnalaR). 0.1 g of each component 
was dissolved in 1 L of toluene to make up the n-alkane test solution. 1 g each of the 
polystyrene standard and the dimer were dissolved in 1 L of solvent (toluene, hexane 
and ethyl acetate) to make up individual test solutions of each solvent. For the 
preparation of the methanol test solution, the concentration was halved due to the lower 
solubility of polystyrenes in methanol. 
4.4.2 Membranes 
The membranes selected for use in this study were Starmem™ 122 and Starmem™ 240 
(kindly provided by Membrane Extraction Technology, UK). The nominal MWCO of 
the two membranes are given by the manufacturer to be 220 and 400 g mol'^ 
respectively. These membranes has been used extensively in OSN research due to their 
good resistance to organic solvents [64,68,74]. 
4.4.3 Experimental procedure 
Filtration experiments were conducted using membranes in a stainless steel, SEP A ST 
(Osmonics, USA) dead end nanofiltration cell (Figure 4.1). Membrane coupons with an 
effective membrane area of 14 cm^ were cut and placed on a sintered metal plate. An O-
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ring was used to seal the feed solution from the permeate side. N2 at 30 bar was used as 
the driving force for filtration. A stirrer was used in all experiments to minimise the 
effects of concentration polarization on the membrane surface. The membranes were 
pre-conditioned with pure solvent [71] until steady state fluxes were achieved. 
Thereafter, 100 ml of test solution (n-alkanes or polystyrenes) was charged to the cell. 
For each filtration, 50 ml was allowed to permeate through the membrane. 1 ml each of 
the feed, retentate and permeate samples were taken for analysis. In between filtrations 
with different test solutions, the cell was washed thoroughly with the solvent to be 
tested and pre-conditioned prior to the addition of the test mixture. 
F'l / f 
Permeate y-y 
—i—I oytjct / / 
y I ^ 
Stu'rer 
Nj supply 
(100 bar) 
SEPACcll-
Heatmg 
bath 
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sl-iner/heat'j-r 
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Possible leaks here 
Measuring 
cylinder 
Figure 4.1: Schematic diagram of batch filtration device. 
The observed experimental rejection of solute i was calculated by equation 2.2. A 
plot of the rejection of each solute against the molecular weight allowed the MWCO of 
the membranes to be determined. A mass balance (equation 2.3) was used to check loss 
of material in the batch filtration experiment. In all experiments, the mass balance for 
each solute was calculated to be > 95%. 
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4.4.4 Analytical methods 
The n-alkane test solution was analysed using gas chromatography (6850 Series II, 
Agilent Technologies, UK) fitted with a HP-1 capillary column 30 m x 0.32 mm 
nominal diameter, 0.25 mm film thickness 100 % dimethylpolysiloxane stationary 
phase and a flame ionisation detector. The temperature programme selected was as 
previously published by Cherepitsa et al. [174] for petroleum fractions. The coefficient 
of variation was 3% for three independent measurements. This analytical method 
allowed all solutes to be measured simultaneously to obtain the MWCO curves. 
For the analysis of the styrene oligomers, a Gilson HPLC system with a Gilson 118 
UV/Vis detector was used. Separation of the oligomers was achieved using an ACE 5-
C18-300 column (Advanced Chromatography Technologies, ACT, UK). A mobile 
phase of 35 vol% analytical grade water and 65 vol% tetrahydrofuran (AnalaR) was 
used with 0.1 vol% trifluoroacetic acid. The UV detector was set at a wavelength of 264 
nm. For the solvent systems in which the solute peaks in the chromatogram were 
obscured by the solvent, the solvent was evaporated from the sample and the solute then 
re-dissolved in the mobile phase prior to analysis. The mass balance achieved for all of 
the samples during this process was >95%, indicating minimal loss of the solute in this 
step. Of the solvents used in this study, solvent swaps had to be performed for toluene, 
hexane and ethyl acetate while the solutes in methanol could be analysed without 
undergoing this step. 
Figure 4.2 shows a chromatogram of the separation and detection of the polystyrene 
oligomers in a sample test solution. The individual species were identified by a 
comparison of peak retention times with the size exclusion chromatography (SEC) 
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curves provided by Polymer Labs for the SEC standards PS580 and PS1050. Good 
separation between each peak enabled the discrete determination of the rejection of each 
species. This avoids the need for the de-convolution of data often experienced when 
trying to determine the MWCO using SEC. 
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Figure 4.2: Chromatogram of oligomer separation. 
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4.5 Results and discussion 
Figure 4.3 shows the MWCO curves of Starmem™ 122 obtained using the n-alkane test 
solution, oligostyrene test solution and a mixture of quaternary ammonium salts (quats) 
in toluene at 30 bar. The graph shows good agreement between all three methods giving 
a MWCO of around 240 g mol'^ which corresponds closely to the value given by the 
manufacturer. 
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Figure 4.3: MWCO curves for Starmem™ 122 in toluene at 30 bar using n-alkanes (•), 
oligostyrene (o) and quaternary ammonium salts (T). (data for quats from Gibbins et 
al. [71,175]). 
Although the oligostyrene method has a lower limitation of 236 g mol"', the regularity 
of the intervals and its range (236 - 1050 g mol"') make it a more favourable method to 
the n-alkane and quats systems. With the oligostyrene method, we are able to 
demonstrate that for Starmem™ 122, >99.9% rejection occurs after 600 g mol"'. The 
molecular weight beyond which 99.9% rejection occurs is also an important membrane 
performance parameter as this indicates the point where effectively total exclusion of 
the species occurs. This is important as significant losses in some processes (e.g. 
diafiltration) can result if total exclusion of species is not achieved. 
T M Figure 4.4 shows a comparison of the MWCO curve of Starmem^*^ 122 and Starmem 
240 using the oligostyrene solution in toluene. The oligostyrene method shows a 
MWCO of 430 g mol"' for Starmem^'^ 240 which is in good agreement with the value 
quoted by the manufacturer (400 g mol"'). A significant observation above 600 g mol ' 
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for Starmem™ 240 (1), is a constant value of rejection for the species at 98%. This is a 
probable indication that a fraction of the collected permeate flux is composed of a 'leak 
flux' which could include flow around the membrane seal (Figure 4.1) or through 
defects in the membrane. Possible leaks might occur at the contacts between the 0-ring 
and the membrane in a filtration experiment. A repeat of the filtration using Starmem^^ 
240 (2) on a separate coupon yielded a MWCO of 410 g mof ' with no observable leaks 
present. A small leak in such a filtration system would have little effect on the observed 
flux but would lower the rejection curve. Figure 4.5 shows the simulated vertical shift 
of the MWCO curve due to different amounts of leak flux as a percentage of the total 
flux. It is observed that even a small leak can result in the plateau of the MWCO curve 
indicating a rejection of <99.9% for species of higher molecular weight. 
100 
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Figure 4.4: Comparison of MWCO for Starmem™ 122 and 240 in toluene at 30 bar. 
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Figure 4.5: Vertical shift of MWCO curve due to different amounts of leak flux as a 
percentage of the total flux. 
The oligostyrene method was also used to determine the MWCO of Starmem™ 122 in 
different organic solvent systems. Some researchers have reported dissimilar filtration 
performances for OSN membranes in different solvent systems [19,20]. This method 
enables a direct comparison of the MWCO using the same solutes in a range of polar 
and non-polar organic solvents in OSN. 
Figure 4.6 shows the pure solvent fluxes and MWCO curves of Starmem™ 122 using 
four different solvent systems at 30 bar with a repeat of each filtration using a different 
membrane coupon. The solvent flux reflects the average over the two runs whilst the 
MWCO for each filtration is shown. It is observed that ethyl acetate gave the highest 
flux followed by methanol, toluene and hexane. Silva et al. [6] reported a similar trend. 
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Figure 4.6: Molecular weight cut off curves for Starmem™ 122 using different solvent 
systems at 30 bar. 
Whilst no trend with flux was observed with the viscosity of the solvents, flux was 
observed to increase with decreasing values of the differences in the Hansen solubility 
parameters (A^) . The values presented in Figure 4.6 were obtained from chapter 5.5 for 
membranes formed from Lenzing P84 polyimide. This implies that solvent flux is 
highly dominated by interations between the polymer and solvent. 
Interestingly, the MWCO of the membrane is also observed to increase with flux. This 
test demonstrates that the Starmem^'^ 122 membrane shows some MWCO variability 
depending on the solvent system used. This could be a result of different degrees of 
swelling [176,177] of the membrane in different solvents leading to larger pore sizes 
and consequently an increase in the MWCO. Swelling in rubbery films has been studied 
and solute transport is highly dependent on the polymer solvent interactions [69]. 
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However, in the glassy polymers used here, swelling is difficult to measure as large 
differences in pore sizes exist in different parts of the membrane. In addition, the size 
and shape (hydrodynamic radius [28]) of the oligostyrenes in different solvents could 
result in the differences in the observed MWCO. 
The MWCO curve for the hexane test solution using the first membrane disc shows a 
plateau occurring at a rejection of 80%. This suggests leaks around or through the 
membrane during operation, concentration of the permeate due to evaporation of the 
volatile solvent or a combination of both effects. The low flux observed for hexane (5 L 
m'^ h"') exacerbates this effect and significantly affects the rejection results. A repeat 
using a different membrane with the hexane test solution was performed and this did not 
show a pleateau. 
In addition to the solvents used in this study, we have also found the oligostyrenes to be 
soluble in dimethylformamide (DMF), 7V-methylpyrrolidone (NMP), dimethyl sulfoxide 
(DMSO), dichloromethane (DCM) and acetone. The oligostyrene method is able to 
identify any possible presence of leaks during filtration in this molecular weight range 
and would be a useful tool to determine any membrane or equipment defects when 
testing OSN membranes. Drawbacks of this system include the expense of the 
oligostyrene standards, and difficulty in determining exact concentrations of the 
individual oligomers, making mass transport studies difficult. However, oligostyrene 
are preferred to other oligomers as it has no charge, is non-polar and readily detected by 
UV absorbance. 
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4.6 Conclusion 
A homologous series of styrene oligomers was used to characterise the MWCO of 
commercial Starmem™ OSN membranes. This test was found to be useful in the 
determination of MWCO of the membranes in a single filtration. The oligostyrenes 
cover a large range and were able to provide many points to give a comprehensive 
description of the membrane performance in the nanofiltration range. With this large 
range of data, in addition to the MWCO, it is possible to pinpoint the MW at which a 
rejection >99.9% was achieved. Membrane and equipment integrity could also be 
evaluated by observing the possible presence of the rejection curve plateau, indicating 
the presence a of leak flux. The oligostyrenes are also soluble in many organic solvents 
making them a useful tool for cross comparison of membranes in different solvent 
systems. 
Whilst the use of the MWCO for the characterisation of OSN membranes is still 
debatable, a rigorous and comprehensive understanding of the separation characteristics 
of OSN membranes is obtainable via the oligostyrene method. The simplicity and 
effectiveness make it an attractive choice as a standard for NF tests in organic solvents. 
The oligostyrene and the n-alkane test methods will be used in subsequent chapters for 
the determination of membrane functional characteristics. 
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5. Polyimide OSN membranes: material selection 
5.1 Abstract 
Polymeric membranes are currently widely used in the preparation of membranes and 
the development of a membrane for use in OSN requires the determination of a suitable 
substrate polymer. This chapter reviews polymers currently used in the preparation of 
OSN membranes and identifies polyimides (Pis) as a preferred class of polymers from 
which to prepare these membranes. Initial stabilty and permeation studies on integrally 
skinned asymmetric PI membranes were performed on four different Pis: Lenzing P84, 
Matrimid 5218, Ultem 1000 and Torlon AI-10. The membranes were tested for their 
processibility, chemical stability and separation characteristics. The selection of Pis in 
this chapter forms the basis for more detailed studies of the effect of the various 
formation parameters, on membranes formed from Lenzing P84, in the following 
chapter. 
5.2 OSN membranes 
The selection of suitable materials for use in OSN is based on several characteristics 
including film forming ability, commercial availability, cost and chemical and thermal 
stability. Compared to polymeric membranes, inorganic membranes are superior in 
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terms of both chemical and thermal stability. However the industrial uptake of inorganic 
membranes is slow due to the brittle nature of such membranes and the relatively higher 
associated costs. In contrast, whilst more susceptible to chemical attack and thermal 
degradation, polymeric membranes still present a lower cost and mechanically flexible 
option. Methods for the development and scale up of such membranes are also far more 
established since the development of Loeb-Sourirajan [7] type membranes. As such, this 
work will focus on the use of polymeric membranes for use in OSN applications. 
A large number of polymers have been used for the formation of OSN membranes and 
the main polymers are briefly summarised in Table 5.1. Of the reported polymeric OSN 
membranes, the most widely used are either composites made by coating a PDMS layer 
on a PAN support [37,38,178-180] or are integrally skinned asymmetric membranes 
made from polyimides (PI) [25,26,74]. Whilst other polymeric materials have been 
reported in literature, the successful commercial exploitation of these membranes has 
been hampered by inferior performances compared to the commercially available 
membranes (Section 2.2.1). 
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Table 5.1: Polymeric membranes used in OSN applications. 
OO oo 
No. Polymer® Type Solvents tested Performance/ Remarks Ref 
1 Polyimide Integrally skinned Ethyl acetate, toluene, Rejection >99% Tetraoctyl ammonium bromide [25,26,74] 
(Starmem™) asymmetric methanol, methyl ethyl Large scale application at Exxonmobil Beaumont 
ketone refinery 
2 Polyimide (6FDA Integrally skinned Butyl acetate, toluene, Rejection >99% Spiramycin [55,59] 
based) asymmetric methyl ethyl ketone Rejection >95% lube oil 
3 Polyimide Integrally skinned Methanol, acetone. Rejection >95% Permanent orange dye [181] 
asymmetric tetrahydrofuran, ethyl 
acetate, benzene 
4 Crosslinked polyimide Dense film Toluene Rejection 8 1 - 9 1 % Triphenyl phosphine [182] 
(Matrimid 5218) -
diacetylene blend 
5 Polydimethyl siloxane Composite Ethanol, toluene. Rejection >95% Erythromycin [37,38,178 
(PDMS) on polyacrylo- membrane methyl ethyl ketone, Rejection >95% Rose Bengale -180] 
nitrile (PAN) ethyl acetate 
6 Polyethylene imine on Composite Dimethyl Rejection >99% Congo red [32] 
PAN membrane formamide 
7 PTMSP Dense film Ethanol Rejection >94% Brilliant Blue [41] 
8 Crosslinked Chitosan Composite Methanol, isopropanol, Low solvent fluxes were observed for all solvents [42,183] 
on polyacrylo-nitrile membrane hexane, methyl ethyl <5 L m"^h"\ However no rejection tests were 
(PAN) ketone, ethyl acetate carried out. 
9 Poly(acrylonitrile-co- Integrally skinned Water, dimethyl UF performance [184,185] 
glycidyl methacrylate) asymmetric formamide 
10 Polyurethane on Composite Ethanol, ethyl acetate, Rejection 75 - 90% 4',5'-difluorescein [40] 
polyacrylo-nitrile membrane tetrahydrofuran, 
(PAN) dichloromethane 
" Active layer 
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5.3 Composite membranes 
The majority of membranes used in the manufacture of OSN membranes are composite 
membranes. The success of SelRO membranes (Koch Membrane Systems, USA) have 
stimulated much academic work in improving such membranes and in particular, 
membranes with a PDMS top layer on a crosslinked PAN support are widely reported 
[37,38,178-180]. Crosslinked PAN shows good resistances in many solvents [186], 
mineral acids, and some weak bases [187] making it an excellent choice as a polymer 
for use in the preparation of OSN membranes. However membranes manufactured from 
PAN typically lie in the UF range (>10,000 g mol"') thus limiting their use as 
supporting layers in NF composite membranes. Crosslinked PDMS is highly stable to 
most organic solvents and is generally coated onto a support by first impregnating the 
support with water to avoid pore intrusion followed by dip-coating to form a dense 
separating layer [17,37,44,188]. 
Whilst each layer of a composite membrane is chemically stable in a wide range of 
organic solvents, the rubbery polymers often used as the separating layer can swell 
appreciably in many solvents resulting in diminished selectivity through convective 
transport across the membrane [37,66,189]. In addition, differential swelling in the 
layers induced by different solvents could, in some instances, result in the de-lamination 
of the top layer and result in membrane failure. The active layers of such membranes are 
also usually applied as coatings, thus resulting in a layer often several microns thick. 
Compared to asymmetric membranes where the separation layer is often reported to be 
several tens of nanometers, this might presents a significant hindrance to mass transport. 
However, the versatility of such membranes still makes them one of the most widely 
studied and used methods in the preparation of OSN membranes. 
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5.4 Polyimides (Pis) 
Pis are a class of polymers with excellent chemical [181,186] and physical properties 
[190]. Pis have demonstrated high permeabilities and selectivities in OSN applications 
thus making them prime candidates for use as precursors in the formation of OSN 
membranes. However most importantly, many PI are commercially available in large 
quantities, thus improving the reproducibility of membranes manufactured from such 
polymers. Pis can be synthesized by two main routes [190]. Firstly, a tetracarboxylic 
dianhydride is added to a solution of diamine in a polar aprotic solvent (e.g. dimethyl 
formamide, n-methyl pyrrolidone). This forms a polyamic acid which is further 
subjected to a thermal or chemical dehydration step to obtain the PI (Figure 5.1). This 
route may also be combined into a single step synthesis through the in-situ formation of 
the polyamic acid and dehydration by mixing the dianhydride and diamine solutions at 
elevated temperatures (>180 °C) [191,192]. 
O I Ar I O + HgN-R-NHg «• 
O O 
I. 
O 
HO 
O 
Ar 
N - R -
OH 
O 
N - R - + HgO 
N - R -
CO, 
Figure 5.1: Polyimide synthesis: (I) Polycondensation of aromatic dianhydride with 
diamines to form polyamic acid precursor followed by the dehydration of polyamic acid 
via chemical/thermal routes to form the polyimide. (II) 1 step reaction involving the 
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reaction of the aromatic dianhydride with the associated diisocynate in a single step 
reaction producing CO2. 
Pis can also be formed via the polymerisation of di-isocynates and dianhydrides shown 
schematically in Figure 5.1 (II). This single step reaction can be carried out in various 
solvents. However dipolar aprotic solvents are preferred to reduce possible side 
reactions and to allow synthesis at moderate temperatures [190,193-195]. 
Reported Pis used in the formation of integrally skinned asymmetric OSN membranes 
include 3,3'4,4'-benzophenone tetracarboxylic dianhydride (BTDA) based Lenzing P84 
(HP polymer GmbH, formerly Upjohn PI-2080), Matrimid 5218 (Huntsman Advanced 
Materials) [25,26,54,182,196], and 6FDA (2,2-bis(3,4-dicarboxyphenyl) 
hexfluoropropane dianhydride) [55]. In this work, several Pis will be screened for their 
suitability for the formation of integrally skinned asymmetric membranes based on the 
following criteria [197]: 
i. Processibility (film casting ability and mechanical strength) 
ii. Chemical stability in a range of organic solvents 
iii. Separation characteristics 
5.4.1 Lenzing P84 
Lenzing P84 (HP Polymer GmbH, Germany) is a BTDA based co-polyimide produced 
from 3,3'4,4'-benzophenone tetracarboxylic dianhydride and 20/80% toluenediamine 
and methylphenylenediamine with a Tg of 315°C (Figure 5.2). The polymer, developed 
by The Upjohn Company [195], is aromatic, fully imidized, highly polar and insoluble 
in most organic solvents. However it is soluble in polar aprotic solvents such as DMF, 
DMSO, dimethyl acetamide (DMAc), NMP [186] and in mixtures with 1,4-dioxane 
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(dioxane) [54]. It has been reported to show better chemical resistance than other Pis 
such as Matrimid and Sixef [186], making it a prime candidate for use in OSN. White et 
al. [25,75] and Shuey et al. [54] have previously demonstrated the use of P84 and PI-
2080 respectively in the manufacture of OSN membranes showing good chemical 
stability and separation performances in several organic solvents including toluene, 
methyl ethyl ketone and isopropanol. P84 has also been reported for use in a number of 
applications including pervaporation of alcohols [198] and in gas separation [199,200]. 
O O 
-N N-
H. 
o 
AND 
O 
II 
o 
-N 
.CHL 
n 4 
o O o 
Figure 5.2: Chemical structure of Lenzing P84 co-polyimide (20% I and 80% II). 
5.4.2 Matrimid 5218 
Matrimid 5218 (Figure 5.3) is a thermoplastic PI produced by Huntsman Advanced 
Materials GmbH, Switzerland. It is supplied fully imidized and is soluble in a number 
of polar aprotic solvents including DMF, NMP and DMSO [201]. It is formed from 
3,3',4,4'-benzophenone tetracarboxylic dianhydride (BTDA) and 5(6)-amino-l-(4'-
aminophenyl)-1,3-trimethylindane (DAPI) and has a Tg of 302°C [202]. In the last 
decade, Matrimid 5218 has been widely studied as a material for gas separation 
membranes [199,203]. Although there are several reported uses of membranes 
manufactured from Matrimid 5218 in OSN applications [204-206], its use has thus far 
been limited due to its poorer stability in many organic solvents [26]. 
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0 5 0 
Figure 5.3: Chemical structure of Matrimid 5218. 
5.4.3 Ultem 1000 
Polyetherimides belong to a class of high performance polymers yielding good 
mechanical, thermal and electric properties [207]. In particular, Ultem 1000 (General 
Electric Plastics Ltd., UK) is manufactured from the polycondensation of bisphthalic 
anhydride and 1,3-diaminobenzene and is known to be totally amorphous [207]. It has a 
Tg of 215°C and a structure as shown in Figure 5.4. Compared to other polyimides, the 
ester linkage between the chains has been reported [208] to offer better chain flexibility 
and hence improve processibility of the membrane. Ultem 1000 has also been reported 
to have better resistance to hot water hydrolysis than other Pis [207]. Ultem 1000 has 
been used in many instances in gas separation [209-215], UF [216] and NF [217,218] 
membranes. However its application in OSN has not yet been reported. 
O ^"^3 O 
Figure 5.4: Chemical structure of Ultem 1000 (General Electric). 
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5.4.4 TorlonAI-10 
Polyamide imides (PAI) are a class of PI developed by Amoco under the trade name of 
Torlon. However, these PAI have not been commercially available until recently hence 
there are relatively few studies involving the use of PAI in the formation of asymmetric 
membranes. PAI have been reported to be resistant to many organic solvents including 
dilute acids, DMAc and DCM [219]. Several forms of PAI are available commercially 
but only a few have been used in the formation of membranes [220] and dense films 
[221] (Table 5.2). Torlon AI-10 (Solvay Advanced Polymers L.L.C., USA) has not yet 
been shown to be used in membrane formation and it is generally supplied in the 
partially imidized form (50%). 
O 
- R ' 
O 
N-
O J 
Figure 5.5: General structure of polyamide imide [190,222,223]. 
Table 5.2: PAI used in the formation of membranes. 
Polymer 
Dope 
composition (wt 
%) (P/S/A)" 
Non-
solvent Further treatment Ref 
Torlon 
4000T 
Polyamic 
acid 
Polyamic 
acid 
20/80/-
S: DMAc 
Water 12/20/68 
S:DMF 
A: PEG/Glycerin 
15/-/- Air 
S: MeOH, THF 
Co-S: Toluene, 
water 
Benzene/ 
triethyl 
amine/ 
acetic 
anhydride 
Heat treatment [224] 
260C for 4 hrs 
Asymmetric structure formed [225] 
by the evaporation of a 
volatile co-solvent. 
RT: 3 min 
60C: 1 hr 
300C: 3hr 
Non-solvent bath heated to [226] 
70 C for 30 min. 
Membrane dried and at 80C 
under vacuum. 
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Kapton 17/78/5 Toluene Casting temp 70C [227] 
from A: ? Further 24 h immersion in 
polyamic S: DMAc dioctyl sebacate 
acid 
Imidization: 
100/200/300 C - 1 hr 
Torlon - Water Thermal treatment at 25 OC [228] 
AI-10 S:NMP for 1 h. 
P: polymer, S: solvent, A: additive 
5.5 Membrane preparation 
5.5.1 Materials 
Membranes were prepared using four commercially available Pis: Lenzing P84 (HP 
Polymer GmbH, Germany), Matrimid 5218 (Huntsman, Advanced Materials GmbH, 
Switzerland), Ultem 1000 (General Electric Plastics Ltd., UK) and Torlon AI-10 
(Solvay Advanced Polymers L.L.C., USA). All polymers were used as supplied without 
further purification. Additional treatment steps (if required) are described below. All 
other solvents were obtained from Sigma Aldrich, UK. 
5.5.2 Processibility 
Solubility 
Whilst chemical stability of the final membrane is critical, the processibility of the 
polymer solution is also an important aspect for the formation of membranes via 
immersion precipitation. The choices of solvents are typically polar aprotic solvents in 
which most Pis are soluble. The solubility of polymers in solvents can be estimated 
using the Hansen solubility parameter (JJ. This is a function of the dispersion {do), 
cohesive {dp) and hydrogen bonding effects (5//). 
5.1 
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The difference between the solvent and polymer solubility parameters (AS) give an 
indication to the solubility of a polymer in a particular solvent. The relevant equation is 
shown in equation 5.2 [91] and the Hansen solubility parameters for the various 
solvents and Pis used in this study are given in Table 5.3. For good solubility, must 
be <5 [229]. 
AS l\^D,pofym ^D,solv y ^P,sol^ ^^H,polym (5.2) 
Table 5.3: Hansen solubility parameters (MPa^'^) for the various solvents and PI used in 
this study. 
Compound"'^ SD dp SH sf 
Lenzing P84 14.11 14.88 11.16 23.35 (26.83 
Matrimid 5218 1432 13.10 10.16 21.91 (23.2*) 
Ultem 1000 14.67 12.91 10.45 2Z16 
Torlon AI-10 - - - -
DMF 17.40 13.70 11.30 24^6 
NMP l&OO 12.30 720 2Z96 
THF 1&80 5J0 &00 19.46 
DMSO 18.40 16.40 10.20 2&68 
Dioxane 19.00 L80 7.40 20.47 
Toluene 18.00 1.40 2.00 18.16 
Ethyl acetate 5J0 7.20 18.15 
Hexane 14.90 &00 0.00 14.90 
Isopropanol 16.00 &80 17.40 24.60 
Methyl ethyl ketone 16.00 &00 5.10 19.05 
Methanol 15.10 12J0 2230 2&61 
Water 15.50 16.00 4230 47.81 
"Polymer Hansen solubility parameters determined from [229]. 
* Solvent Hansen solubility parameters determined from [230]. 
Solubility parameters estimated by Silva et al. [74]. 
Sample calculations for the polymer Hansen solubility parameter can be found in 
Appendix B. 
The Flory Huggins interaction parameter (j) also provides a measure of solvent power 
[231] with good solvents having a value of%< 0.5. % was determined using equation 5.3 
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where the Hansen solubility parameters and the polymer molar volume (Vpoiym) were 
calculated using group contribution methods [232]. 
_ ^polym^^polym ^solv^ 
X- — 
The values of AJ and % for the various Pl-solvent systems are given in Table 5.4. 
Values for Torlon AI-10 were not determined as the exact chemical formula is currently 
not disclosed by the manufacturer. Smaller values of both A5 and % with the polar 
aprotic solvents indicate that the PI would show good solubility in these solvents (e.g. 
DMF, NMP, DMSO). Of the three Pis, P84 is predicted to have the best chemical 
stability with the smallest values of A5 and % in the solvents listed. 
Table 5.4: AS (MPa"'^) and % values for various polymer-solvent mixtures at 2Q°C. 
Solvent 
Lenzing P84 Matrimid 5218 Ultem 1000 
Aa X Aa X Af X 
DMF 3JW 030 334 1.59 2.97 1.43 
NMP 3.50 0.02 4J9 &20 4.69 0.12 
DMSO 4.65 1.47 5J^ 4.14 5.11 3.98 
THF 10.07 2.02 8J^ 1.08 7.91 1.43 
Dioxane 14.50 1.10 12.50 038 12.30 0^6 
Toluene 16.75 3J# 14.73 2.55 14.66 3J^ 
Ethyl acetate 10.50 3^8 &47 2.56 835 3.14 
Hexane 18.61 &46 16.59 8.94 16.61 1031 
Isopropanol 1038 0.21 9.74 1.36 935 1.16 
Methyl ethyl 
ketone 8.65 2.44 6J2 L48 &76 l j # 
Methanol 1L48 5.19 12.19 1079 1L87 10.84 
Water 3L20 79^2 32.29 122.12 32.01 12&60 
24 wt % of each PI was dissolved in a range of polar aprotic solvents to determine the 
solubility (Table 5.5). Matrimid 5218 and Torlon AI-10 show the best solubility in the 
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polar aprotic solvents, easily forming homogeneous dope solutions when mixed for 24 h 
at room temperature. Lenzing P84 shows good solubility in DMF, NMP and DMSO but 
only shows slight solubility in THF. Finally Ultem 1000 was observed to show the 
poorest solubility in DMF, NMP and DMSO with solubilisation achieved only when 
heated and agitated at 50°C. The Ultem 1000 dope solution however remains in solution 
upon cooling. 
Table 5.5: Solubility of commercially available PI at 24 wt% in polar aprotic solvents. 
Solvent 
Polyimide solubility " 
Lenzing P84 Matrimid 5218 Ultem 1000* Torlon AI-10 
DMF 
NMP 
THF 
DMSO 
S 
S 
PS 
s 
S 
S 
s 
s 
PS 
PS 
s 
PS 
S 
S 
s 
s 
" S: Soluble, PS: soluble 
^ Ultem 1000 was fully soluble when stirred for 24 h at 50°C. 
Solvent choice 
Resting [233] noted that the choice of solvent/non-solvent is important in determining 
the separation performance of integrally skinned phase inversion membranes. However 
the choice of dope composition and non-solvents in the formation of a membrane with 
specific separation characteristic is often empirical and is highly dependent on the 
solvent/polymer/non-solvent interactions. A general review of the effects of various 
parameters on membrane formation was presented in chapter 2. 
At present, the choice of conditions used in the preparation of such membranes is highly 
dependent on experimentation with no specific guidance to which solvent choice would 
result in membranes to suit the required separation. Bulut et al. [234] proposed a novel 
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method for the optimisation of flux and rejection of a single solute through rigorous 
testing of various solvents and solvent mixtures. Through various levels of optimisation 
it is possible to obtain membranes with certain desired flux and rejection characteristics. 
However this method is currently at best only of academic interest as the objective 
function does not take into account other important and perhaps less obvious parameters 
such as membrane defects (m'^), pinholes and separation efficiency in OSN. Hence, the 
choice of solvent system for each PI has been chosen based on the literature where 
membranes with NF separation characteristics have been reported (Table 5.6). In a 
specific case, the effect of changing the composition of the dope solution will be further 
investigated for Lenzing P84 in chapter 6. 
Table 5.6: Literature reported dope solution composition for membranes prepared from 
S/No. Polymer Membrane 
type Coagulant 
Dope composition 
(wt %) Ref. 
A1 Lenzing P84 Asymmetric DI Water P84/DMF/dioxane [25] 
(24/19/57) 
A2 Matrimid Asymmetric DI Water Mat/NMP/THF [26] 
5218 (24/51/25) 
A3 Ultem 1000 Asymmetric DI Water Ultem/DMF/ dioxane [217] 
(24/19/57) 
A4'' Torlon AI-10 Asymmetric DI Water Torlon/NMP -
(24/76) 
" Torlon AI-10 powder was heated in an oven at 150°C for 2 h to ensure complete 
imidization and subsequently allowed to cool prior to dope preparation. 
Film casting 
Each PI was prepared using the solvent compositions given as described in Table 5.6 
and stirred continuously at 50°C overnight to obtain a homogeneous dope solution. The 
polymer solution was allowed to stand for a further 24 h to remove air bubbles at room 
temperature. The dope solution was used to cast films 250 pm thick on a polyester 
backing material (Hollytex 3329, Ahlstrom, USA) using an adjustable casting knife on 
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an automatic film applicator (Braive Instruments, UK). The non-woven material confers 
mechanical strength to the membranes allowing them to be handled. Solvent was 
allowed to evaporate from the surface of the film at controlled time intervals after which 
the film was immersed, parallel to the surface, into a precipitation water bath at room 
temperature. Dense films were also prepared by casting on a flat glass plate with no 
backing material and allowed to evaporate to dryness for 24 h at room temperature 
under a constant flow of air. 
Membranes A1 - A3 all formed stable defect-free free standing dense films and 
asymmetric membranes. However membrane A4 was brittle to touch as an asymmetric 
membrane and cracks upon handling. 
Membrane 
type 
Physical observations " 
Lenzing P84 Matrimid 5218 Ultem 1000 Torlon AI-10 
Dense film SF SF SF SF" 
Asymmetric SF SF SF B 
membrane 
" SF: Stable film, B: Brittle 
b A stable film was formed when dope solution A4 was cured at 150 C for 2 h. 
The poor mechanical stability of Tori on AI-10 has also been previously reported by 
Krol et al. [228] in the preparation of asymmetric membranes. However a stable film 
could be formed if the cast film was treated immediately in an oven at 150 C for 2 h. 
However, the inclusion of this processing step prevents the formation of an asymmetric 
structure. This resulted in increased mass transport resistances in the final membrane 
and hence Torlon AI-10 was found to be unsuitable for further use. 
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5.5.3 Membrane chemical stability 
Soaking tests were carried out in order to evaluate the stability of the membranes in 
various organic solvents. 24 wt% dope solutions of Lenzing P84, Matrimid 5218 and 
Ultem 1000 were cast at a height of 250 |j.m onto a glass plate. The polymer films where 
then immersed into deionised water after evaporating in air for 10 sec. After soaking for 
a further 12 h to remove residual solvent, the membranes were removed and allowed to 
dry in air for a further 24 h. The membranes were then weighed and immersed in a 
series of solvents. After 5 days, the membranes were removed and dried for 24 h in air 
before being weighed. 
Table 5.8: Chemical stability of membranes cast from different PI in organic solvents 
commonly used in OSN. Membranes were immersed in the solvents for 5 days before 
weighing. The error in measurement was ± 2.3% 
Weight change (%) 
Solvent Lenzing P84 Matrimid 5218 Ultem 1000 
(Al) (A2) (A3) 
Toluene 2.05 -2.07 - 1.50 
Ethyl acetate 2.27 2.68 - 5.29 
Hexane -1.38 -1.79 -2.06 
Isopropanol 2.96 0.00 -2.12 
Methyl ethyl ketone -0.70 -8.67 0.00 
Methanol 0.00 -21.14 - 17.60 
Table 5.8 shows the percentage weight change of membranes Al - A3 in various 
organic solvents commonly used in OSN after immersion for 5 days. Al has the least 
weight loss in the solvents tested whilst A3 showed the most weight loss. The results 
generally corroborate with Table 5.4 for the predicted solubility of the various PI in the 
organic solvents. The only exception was the stability in methanol in which significant 
weight loss of polymer was observed for A2 and A3. The good stability of all 
membranes in toluene allowed this solvent to be used to compare the fiinctional 
characteristics of these membranes. 
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5.5.4 Separation characteristics 
Initial determination of the membrane functional characteristics was obtained via dead 
end filtration in toluene. Details of the experimental procedure and analytical techniques 
are described in chapter 4. Figure 5.6 shows the toluene flux and MWCO of A1 - A3 in 
toluene at 30 bar. Ultem 1000 and Lenzing P84 (60 L m"^  h"') show higher fluxes 
compared to Matrimid 5218 (20 L m"^h"^). A1 and A2 were observed to have a MWCO 
of around 300 and 400 g mol"' respectively. The MWCO curve was observed to be 
continually increasing across the range of solutes indicating that the MWCO for Ultem 
1000 was >1000 g mol"'. 
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Figure 5.6: Toluene flux and MWCO of various polyimides in toluene at 30 bar. 
Experiments were conducted in a dead end filtration cell. 
Conditioning Agent 
When the membranes were removed from the coagulation bath and dried at ambient 
conditions, the membranes become fragile, brittle and developed cracks which rendered 
them unsuitable for further use. This is thought to be primarily due to the differential 
shrinkage of the polymer and the non-woven support, resulting in membrane defects. 
Whilst it is possible to test the membranes by ensuring that they are continually wetted 
by a suitable solvent, the use of a conditioning agent allowed the handling of the 
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membranes in a 'dry' state to facilitate drying, storage, fabrication into elements and to 
prevent membrane degradation over time [54]. 
The conditioning agent acts principally as a plasticizer allowing the membrane to be 
handled in a dry state by increasing the flexibility of the polymer chains. The 
conditioning agent must be readily absorbed into the membrane and it must also be 
easily removed. Furthermore, a low vapour pressure and the lack of reactive sites are 
necessary in order facilitate storage and subsequent removal prior to use. Several 
conditioning agents have been reported in the literature [25,26,54] and include oils, 
polyethylene glycol (PEG) and glycerol. The impregnation of the conditioning agent 
usually involves a solution containing the conditioning agent and a volatile solvent. The 
membrane is allowed to soak in the mixture for a period of time to allow the 
conditioning agent to be incorporated into the polymer matrix. The membrane is then 
removed and air dried to remove the solvent. 
Table 5.9 shows the toluene flux and MWCO of membrane A1 impregnated with 
various conditioning agents. Both PAO and PEG were observed to be good conditioning 
agents, allowing the membranes to be handled in the dry state after conditioning. Whilst 
impregnation with glycerol was possible, the hydrophobic nature of the membrane 
(contact angle for P84: 77° and 20° for water and diiodomethane respectively) resulted 
in glycerol leaching out of the membrane over time. The use of conditioning agents was 
found to reduce the flux of the membrane, while the MWCO remained constant. 
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Conditioning 
agent Observation 
Toluene flux 
(Lm-^h-y 
MWCO 
(g mol" )^ 
No conditioning Membrane remains flat in solvent 90 250 
agent" 
Mineral oil Membrane is dry and remains flat 75 250 
PEG 600 Membrane is dry and remains flat 80 250 
Shell HF-46 ^ Membrane is dry and remains flat 51 250 
Glycerol Membrane curls up towards the 48 250 
active side 
" The membrane with no conditioning agent was left in z-PrOH and was not allowed to 
dry out. 
^ The exact composition of HF-46 is unknown but is generally composed of 
polyalkylolefms (PAO). 
Toluene fluxes are the average of two separate runs with separate sheets of membrane. 
5.6 Conclusions 
At present, polymeric OSN membranes are prepared either as composites consisting of 
a thin layer coated onto a support material or integrally skinned membranes. This 
chapter identifies Pis as potential precursors for the formation of OSN membranes. The 
selection criteria are based upon: (i) Processibility; (ii) membrane chemical stability; 
(iii) separation characteristics. In this preliminary screening, Lenzing P84 has 
demonstrated better chemical stability and separation characteristics over the other Pis 
tested. In the following chapter, further detailed investigations into the influence of 
various formation parameters on the functional performance of this PI are explored. 
104 
Chapter 6 
6. Effect of membrane formation parameters on 
the functional performance of Lenzing P84 
polyimide OSN membranes 
6.1 Abstract 
In chapter 5, several Pis were screened and Lenzing P84 (P84) was identified as the 
preferred PI for use in the formation of integrally skinned asymmetric membranes for 
use in OSN. This chapter reports the effects of changing various membrane formation 
parameters, including polymer concentration, evaporation time, post casting annealing, 
and changing dope solution compositions on the functional performance of OSN 
membranes manufactured from P84. The MWCO curve was observed to be most 
significantly affected by changes in the solvent:co-solvent composition in the dope 
solution. Flux was observed to be sensitive to variations in several formation 
parameters. Scanning electron micrographs show three different morphologies present 
in the membranes, with a nanoporous nodular structure present at the top surface. The 
experimental transport data was interpreted using the intrinsic membrane parameters of 
permeability and pore size in the solution diffusion and pore flow models respectively. 
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6.2 Introduction 
OSN has been advanced in recent years for many new applications [63] including 
solvent exchange, catalyst recovery and recycling [29,235], purifications and 
concentration. Pis offer several attractive mechanical and physicochemical properties, 
including high glass transition temperatures {Tg), good thermal stability and good 
chemical stability in many solvents and weak acids [24-26,186]. In particular P84 
(Formally designated Upjohn PI-2080), shows better chemical resistance than other Pis, 
making it a prime candidate for use in OSN. 
The effect of several parameters (non-solvent additives in the dope solution and heat 
treatment) on the physical structure of the membranes made from P84 was investigated 
by Qiao et al. [198] for use in pervaporation. It was observed that the addition of non-
solvents to the dope solution resulted in different morphologies of the nodular structure 
but with little change to the separation factors. Annealing also resulted in the greatest 
change to flux and separation factors through densification of the separation layer. Thus 
far, there are no studies of integrally skinned OSN membranes that attempt to relate the 
membrane formation parameters to the membrane structure, and transport through the 
membrane. 
Some control of the MWCO for PI membranes (pyromellitic dianhydride and 4,4'-
diaminobenzophenone: PMDA-DABP) was previously demonstrated by Ohya et al. 
[114] and Okazaki et al. [115] through the variation of formation parameters 
(evaporation time, additives etc.). Although some change in the MWCO was observed, 
successful control over the membrane separation performance was by and large still not 
achieved. Yanagishita et al. [117] and Shuey et al. [54] reported changes in the MWCO 
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of pervaporation membranes and in reverse osmosis of oil mixtures respectively using 
membranes cast from PI-2080 by varying the ratio between the solvent and co-solvent 
(DMF and dioxane respectively) in the dope solution. However, the shape of the 
MWCO curve and the effect on separation was not reported or commented upon. Kim et 
al. [217] demonstrated variation of the MWCO of membranes cast from Ultem 1000 in 
aqueous NF by changing the ratio of the same solvent/non-solvent composition in the 
dope. The authors do not comment on how the MWCO was affected by changes in the 
composition. 
Novel materials and methods [236] for OSN membranes have emerged, but research on 
integrally skinned asymmetric OSN membranes has thus far been mainly focused either 
towards the formation and morphological aspects of the membranes [237,238] or on the 
modelling of transport phenomenon [34,35,71,239] of established membranes. 
Understanding the relationship between the formation parameters and the functional 
performance would enable the tailoring of membranes to specific applications. 
In this chapter, several casting parameters (e.g. evaporation time, polymer 
concentration, casting height, thermal annealing and polymer dope solution 
composition) have been varied in the manufacture of OSN membranes from P84. The 
solvent flux and MWCO curves of these membranes were determined under cross-flow 
at 30 bar and 30°C over extended periods (24 h). A detailed study of membrane 
morphology was also performed using field emission scanning electron microscopy 
(FESEM). The key parameters of the solution diffusion (SD) and pore flow (PF) models 
were experimentally determined and used to correlate the data obtained for the MWCO 
curves and fluxes in an attempt to interpret some of the observed results. 
107 
Chapter 6: Functional performance of Lenzing P84 polyimide OSN membranes 
6.3 Experimental 
6.3.1 Chemicals 
P84 co-polyimide was purchased from HP Polymer GmbH, Germany and used without 
any further purification or treatment. The solvents used for the preparation of 
membranes were DMF, dioxane, z-PrOH and toluene. Analytical grade toluene was 
used as the solvent. All test solutes for the determination of the MWCO are described in 
chapter 4. All other chemicals were obtained from Sigma Aldrich, UK. 
6.3.2 Preparation of integrally skinned asymmetric OSN membranes 
P84 was dissolved in varying composition mixtures of DMF and dioxane and stirred 
continuously at 50°C overnight to obtain a homogeneous dope solution. The polymer 
solution was allowed to stand for a further 24 h to remove air bubbles at room 
temperature. The dope solution was used to cast films 200 pm thick on a polyester 
backing material (Hollytex 3329, Ahlstrom, USA) using an adjustable casting knife on 
an automatic film applicator (Braive Instruments, UK). Solvent was allowed to 
evaporate from the surface of the film at controlled time intervals after which the film 
was immersed, parallel to the surface, into a precipitation water bath at room 
temperature. The membranes were subsequently immersed in solvent exchange baths of 
z-PrOH, and then toluene, to remove residual DMF and water. The membranes were 
then transferred from the toluene bath to a mineral oil bath. After the membranes were 
soaked in this bath, it was possible to handle the membranes in a "dry" state. Cracks 
were formed in the membranes if they were left to dry without the addition of mineral 
oil as a conditioning agent. Table 6.1 summarises the conditions under which the 
membranes presented in this chapter were prepared. Evaporation occurred at ambient 
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conditions (approx 20°C) expect for Ml3 - Ml 5 where warm conditions resulted in 
temperatures of 28 - 30°C. 
Table 6.1: The composition of dope solution, the evaporation time and annealing 
temperature used in varying membrane properties. Membranes were coagulated in a 
deionised water bath. 
Dope solution composition Annealing Evaporation 
Membrane (wt %) Temperature time 
PI DMF Dioxane r c ) (sec) 
Ml 20 21 59 - 10 
M2 22 21 57 - 10 
M3 24 20 56 - 10 
M4 26 20 54 - 10 
M5 22 21 57 - 10 
M6 22 21 57 - 30 
M7 22 21 57 - 50 
M8 22 21 57 - 70 
M9 22 21 57 100 10 
MIO 22 21 57 150 10 
M i l 22 21 57 200 10 
M12 22 21 57 - 24 h 
(dense film) 
M13 (100 pm) 22 21 57 - 10 
M14 (200 pm) 22 21 57 - 10 
M15 (300 p,m) 22 21 57 - 10 
M16 22 39 39 - 10 
M17 22 26 52 - 10 
M18 22 57 21 - 10 
6.3.3 Preparation of dense film (Ml2) 
P84 was dissolved according to the procedure mentioned above to produce the dope 
solution. A film was then cast on a flat glass plate with no backing material and allowed 
to evaporate to dryness for 24 h at room temperature under a constant flow of dry air. 
6.3.4 Preparation of thermally annealed membranes 
Membranes were prepared according to the procedure outlined in section 6.3.2. Sample 
discs were cut out and sandwiched between glass plates before being placed in an oven 
at the specifled temperature for 0.5 h. On removal, the membrane discs were allowed to 
109 
Chapter 6: Functional performance of Lenzing P84 polyimide OSN membranes 
cool naturally before testing in cross flow. Some shrinkage of membranes MIO and 
Ml 1 was observed together with a visibly shinier surface. 
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Figure 6.1: Schematic of nanofiltration cross-flow apparatus; schematic of cross section 
and top view of cross flow cell. 
6.3.5 Experimental apparatus and measurements 
A laboratory bench scale cross-flow nanofiltration apparatus, shown schematically in 
Figure 6.1, was used in all experiments. Membrane discs, of active area 14 cnf, were 
cut out from the flat sheets and placed into 4 cross flow cells connected in series. The 
feed solution was charged into a 5 L feed tank and re-circulated at a flow rate of 1.5 L 
min"' using a diaphragm pump (Hydra-Cell, Wanner International, UK). Pressure was 
generated using a back pressure regulator located downstream of a pressure gauge. The 
cumulative pressure drop across the 4 cells was measured to be less than 0.5 bar. The re-
circulating fluid was kept at 30°C by a heat exchanger. During start-up, the mineral oil 
conditioning agent was removed by re-circulating pure solvent for an hour without 
applying any pressure and discarding the initial permeate and solvent. During operation, 
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permeate samples were collected from individual sampling ports and feed samples were 
taken from the feed tank. 
Pre-conditioning [71] of OSN membranes was necessary to achieve steady state fluxes 
and rejections. Figure 6.2 shows the flux profile of membranes Ml - M4 over time. For 
some membranes, steady state was only observed after up to 12 h of continuous 
operation, and so all experiments were conducted over a minimum of 24 h before 
samples were taken for rejection measurements. 
3 5 0 
3 0 0 
r f 2 5 0 
™ 200 
O 
CO 
X 150 3 
LL Q) 
m 100 -I 
o 
\ 
\ 
M1: 20 w t % PI 
M2: 22 wt % PI 
M3: 24 wt % PI 
M4: 26 wt % PI 
20 
—I— 
4 0 60 80 100 
Time (h) 
Figure 6.2: Toluene flux profile of membranes Ml - M4 over time. 
6.3.6 Analytical methods 
The analytical methods for the n-alkane test method and the oligostyrene test methods 
are given in chapter 4. The n-alkane method was chosen over the oligostyrene method 
for membranes Ml - Ml5 for the membranes with a lower MWCO whilst the 
oligostyrene method was used for membranes Ml6 — Ml8 giving better resolution 
across the whole NF range (200 - 1000 g mol"'). 
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6.3.7 Scanning electron microscopy 
Scanning electron micrographs were taken using a Leo 1525 field emission scanning 
electron microscope (FESEM). The membrane samples were first immersed in n-hexane 
to remove the conditioning oil and subsequently snapped in liquid nitrogen. The 
samples were then mounted onto the SEM stubs and sputtered using an Emitech K550 
gold sputter coater. SEM conditions used were: 3 mm working distance, Inlens 
dectector with an excitation voltage of 5 kV. 
6.3.8 Viscosity of solvent mixtures and dope solutions 
Viscosities of the pure solvent and solvent mixtures were measured using an Ubbelohde 
viscometer (PSL Ltd., UK) at 25 ± 0.1°C. The coefficient of variation for the 
measurements was estimated to be below 0.23% for 5 measurements. Dope solution 
viscosity was measured using a Canon 2020 viscometer at 25°C. 
6.3.9 Ternary phase diagrams 
In the preparation of ternary phase diagrams, a series of P84/DMF/dioxane dope 
solutions were prepared at different polymer concentrations. The solutions were stirred 
continuously in an oil bath at 25 ± O.TC until total dissolution of the polymer gave a 
homogeneous dope solution. For each dope solution, the non-solvent (deionised water) 
was gradually added drop-wise until non-homogeneity (slight turbidity) was observed. 
The concentration (mass) of non-solvent added was determined gravimetrically. 
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6.4 Nanofiltration experiments 
6.4.1 Effect of polymer concentration and evaporation time 
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Figure 6.3: Effect of evaporation time (•) and polymer concentration (A) in the dope 
solution on toluene flux at 30 bar and 30°C. 
Figure 6.3 shows the effect of changing the evaporation time and polymer concentration 
of the dope solution on toluene flux at 30 bar. The flux was observed to decrease with 
increasing dope concentration from 170 L h"' at 20 wt % PI to 30 L m"^h'^  at 26 wt 
% PI. This may be explained by an increase in polymer concentration at the 
solvent/non-solvent interface during immersion precipitation. The volume fraction of 
the polymer in the final membrane also increases with higher polymer concentration, 
and consequently a resulting lower porosity might also contribute to the decrease in 
flux. This trend is consistent with that demonstrated by several authors [3,113] for 
different polymer substrates. 
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Increasing evaporation time resulted in a decrease in solvent flux from 110 L m"^  h"' at 
10 sec to 50 L m"^  h"' at 70 sec for a membrane cast from 22 wt % PI dope solution. 
This behaviour was previously reported for systems in which volatile solvents such as 
acetone were used as the casting solvent [240], and was attributed to the increased 
thickness of the skin layer. In the present system, in spite of the higher boiling point of 
the solvents used (DMF and dioxane, b.p. 153°C and 102°C, respectively), the results 
suggest that solvent evaporation is in part responsible for the observed change in fluxes. 
The sensitivity of flux to the evaporation time also makes reproducibility in the 
manufacture of OSN membranes between batches challenging. 
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Figure 6.4: Effect of polymer concentration (A) and evaporation time (B) on the 
MWCO in toluene at 30 bar and 30°C. The coefficient of variation of the MWCO 
curves was calculated to be <2% for membranes produced under the same conditions. 
The MWCO curves for membranes at different polymer concentrations (Ml - M4) are 
presented in Figure 6.4(A). A decrease in polymer concentration was observed to give a 
higher MWCO. This decrease was non-linear, with membranes at 24 and 26 wt % 
having a MWCO of 250 g mol"' and the membranes at 20 and 22 wt % at 310 g mol"'. 
This reduction in rejection with an increase in flux (permeance) was also observed by 
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Bulut et al. [234] for PI membranes. Interestingly, the MWCO for the membranes cast 
at different evaporation times and at the same polymer concentration (membranes M5 -
M8) all showed the same MWCO of 260 g mol"' (Figure 6.4(B)). This suggests that 
both the solute and solvent flux are reduced at the same rate, so that while flux 
decreases, rejection remains constant. 
Figure 6.5: Morphological changes with polymer concentration of PI membranes. (A) 
Cross section 2,000x, (B) Top layer 400,000x, (C) Middle section 100,000x. 
SEM pictures of the membranes Ml - M8 are shown in Figure 6.5 and Figure 6.6. 
Spherical features of 5 - 15 nm on the sample surface are attributed to the gold 
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nanoparticles used to coat the membranes during the sputtering process. Figure 6.5(A) 
and Figure 6.6(A) show the cross section of the membranes, and were used to try and 
identify any significant morphological changes. Figure 6.5(B) and Figure 6.6(B) show a 
magnified cross section of the top separation surfaces of the membranes. A membrane 
separation layer thickness of 200 nm for polyimide OSN membranes had been 
previously estimated in the literature [71]. The morphology observed within the top 100 
nm of membrane consists of a matrix of tightly packed polymer nodules leaving small 
channels (<5 nm) between them. Some of these channels can be seen to reach the 
surface. This morphological feature is frequently observed and reported in the top 
separation layer of UF and NF membranes [84]. The formation of polymer nodules on 
the surface layer has been described by Wienk et al. [104,107] and was also observed by 
Carruthers et al. [241] for PI (Matrimid) membranes. The formation mechanism and 
origins of nodules are however disputed and have been attributed to: (i) aggregates or 
micelles [99-101] already present in the dope; (ii) formation via liquid-liquid demixing 
during phase inversion [102-104]; (iii) artefacts of sample preparation for SEM 
[105,106]. No apparent increase of separation layer thickness with increasing 
evaporation time [242] could be observed for membranes M5 - MS. 
This seemingly nanoporous separating top layer has interesting implications for the 
transport processes occurring within the layer. In particular, the solution diffusion 
model [72,243] assumes that there is no pressure drop across the separating layer. 
Whether this assumption can be valid for a nanoporous structure requires further 
detailed analysis. Clearly, further work is required to better understand flows across 
nanoporous films of semi-crystalline materials. It is possible that the nodular structure 
observed is an artefact of the SEM techniques used. However, later in the chapter, 
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thermal annealing is observed to result in major changes in the membrane morphology. 
The fact that changes in morphology can be identified using SEM suggests that the 
observations are real as opposed to artefacts of the technique. This in turn leads to the 
conclusion that changes in the nanostructure can be observed via SEM. 
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Figure 6.6: Morphological changes with evaporation time of PI membranes. (A) Cross 
section 2,000x, (B) Top layer 400,000x, (C) Middle section 100,000x. 
Figure 6.5(C) and Figure 6.6(C) show magnified cross-sections of the membranes. The 
pictures show that the membranes all exhibit a similar morphology with no obvious 
change with varying evaporation times and polymer concentrations. The only exception 
was the increasing presence of some macrovoids at lower polymer concentrations in 
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membranes Ml and M2. This could be responsible for the higher fluxes observed and 
the greater compaction of the membranes made with lower polymer concentrations 
(Figure 6.2). Further SEM pictures taken at various sections of the membrane also 
showed no apparent gradation of pore size within the spongy interconnected pores from 
the middle to the bottom of the membrane. An intermediate layer was also observed 
between the nodular structure at the top of the membranes and the interconnected pores. 
22 wt % m e r u w A mmmm 
22wt % before use A 
Figure 6.7: Morphology change in membrane (M2) before and after use. (A) Membrane 
cross section (2,000x), (B) Top layer (400,000x), (C) Interconnected pores (100,000x) 
Figure 6.7 shows the morphology of membrane M2 before and after use. The membrane 
was observed to undergo little change in the top separation layer, whilst the supporting 
interconnected pores appeared to have a smaller pore size. Flux reduction observed 
during the initial conditioning phase of filtration might be explained by the decrease in 
pore size of the substructure observed in the membranes. This suggests that transport 
through OSN membranes might be controlled by several mass transfer resistances, 
reflecting the asymmetric structure of the membrane, as suggested by Machado et al. 
[35]. 
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6.4.2 Effect of casting height 
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Figure 6.8: Toluene flux and rejection of 22 wt % membranes at different casting 
heights (M3- Ml5) at 30 bar and 30°C. Actual heights by SEM analysis: Ml3: 38|j,m, 
M14: 66|J,m and M15; 80pm. 
To further investigate whether the thickness of the supporting layer has an effect on 
transport through the membrane, membranes (Ml3 - Ml5) were cast at different 
heights. Figure 6.8 shows the fluxes and MWCO curves for these membranes. The 
standard deviation for flux of the membranes was calculated to be ~11%, indicating no 
obvious trend in the flux. The slight differences in flux were attributed to slightly 
different evaporation times between batches. The MWCO of the membranes also 
remained similar, indicating that the transport properties were independent of the 
casting thickness. SEM images showed no difference in the overall morphology of the 
membranes. The only visible differences between the membranes were the final overall 
thickness of the membranes which were measured at 38, 66 and 80 |im for membranes 
cast at 100, 200 and 300 pm respectively. From this it can be concluded that the 
supporting layer offers little resistance to mass transport. 
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6.4.3 Morphological observations 
The general observed morphology of the membranes is similar to that proposed by 
Reuvers et al. [98] and also observed by Qiao et al. [198] for P84 membranes. The 
membranes consisted of three different zones/regions: 
• a layer at the surface consisting of tightly packed polymer nodules with a depth of < 
500 nm; 
• an intermediate layer of polymer nodules with less interconnected pores below the 
dense layer; 
• an interconnected pore structure that extends through the membrane from the 
intermediate layer to the backing material with no apparent gradation of pore size. 
Figure 6.9: Morphology of Lenzing P84 dense film (M12). 
Although three different morphologies were identified in this SEM study, it was 
difficult to discern the transition between these layers. One way to probe this transition 
between these layers is to try and reconstruct them as free-standing systems 
corresponding to the regions of the membrane. To this end, a homogeneous film was 
made by evaporating off all the solvent from a cast film (Ml2) resulting in the 
morphology shown in Figure 6.9. This appeared dissimilar and denser than the top layer 
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of any of the asymmetric membranes. No solvent flux (toluene at 30 bar) was observed 
across this membrane. 
6.4.4 Effect of thermal annealing 
The thermal annealing of PI membranes has been studied by several authors for gas 
separation [203,244] and pervaporation [198,245,246], This step has been shown to 
improve the performance in these processes by densification of the membrane films to 
remove defects and suppress plasticization. This usually results in increased selectivity 
at the expense of permeability [247]. In these cases, this observation has been attributed 
to the reorganization of the polymer chains at elevated temperatures to 
thermodynamically favoured structures and the simultaneous densification of the 
membrane. 
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Figure 6.10: Effect of thermal annealing on the flux and MWCO of PI OSN membranes 
in toluene at 30 bar and 30°C. 
Figure 6.10 shows the comparison of solvent flux and MWCO of membranes at 
different annealing temperatures. With the increase in annealing temperature, a decrease 
in flux was observed with a flux of 68 L m"^  h"' for membrane M2 (with no thermal 
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treatment) to no flux observed for membrane M i l (with thermal annealing at 200°C). 
No physical changes were observed in the non-woven fabric over these temperatures. 
Interestingly, as with increasing evaporation times, the MWCO remains largely 
unaltered for membranes M2, M9 and MIO. 
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Figure 6.11: Membrane morphology before (M2 left) and after annealing (Mil right) at 
200°C for 0.5 h. 
SEM pictures (Figure 6.11) of the membranes before and after annealing show a gradual 
loss of nanoporosity in the top separating layer of the membranes. The nodular structure 
observed in membranes without annealing was replaced with a continuous non-porous 
dense layer interspersed with nodules indicating that perhaps, some of the nodules have 
repacked to form a continuous layer. An obvious shrinkage of the annealed membranes 
was also observed. As alluded to previously, there is evident change in the 
nanostructure seen via SEM suggesting that the structures are not artefacts of the sample 
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preparation technique. If the features were artefacts of the technique, the apparent 
structures should remain constant across the different membranes. 
6.4.5 Effect of dope composition 
Several strategies have been adopted by various authors to induce changes in the 
MWCO curves of PI membranes. These include the use of additives, and changing the 
dope composition. In this section, the variation of the ratio between the solvent (DMF) 
and co-solvent (dioxane) in the dope solution used for membrane formation was found 
to provide control over the MWCO of the resultant membranes during use in OSN. The 
oligostyrene method described in chapter 4 has been adopted in order to view the effect 
of the changing parameters on the MWCO curves. 
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Figure 6.12: (A) Toluene flux and (B) MWCO curves of membranes M2, M16 - M18 
prepared at 22wt% PI with varying DMF:dioxane ratios in the dope solution at 30 bar 
and 30°C. 
Figure 6.12(A) shows the toluene flux profile of membranes with different 
DMFidioxane concentrations (M2, M16 - M18) at 30 bar and 30°C. The steady state 
solvent flux was observed to increase from 110 L m'^ h"' for M2 (DMF:dioxane - 1:3) 
to 600 L m"^  h"' for MIS (DMF:dioxane - 3:1). Whilst the flux increase is desirable, 
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membrane compaction was concomitantly observed to increase from membrane M2 
through M16 - Ml8. In OSN, where steady state separation is only achieved after 
membrane compaction [66], increased macro voids could result in longer pre-
conditioning times [71]. Figure 6.12(B) shows the MWCO curves of the corresponding 
membranes after steady state was achieved. These were determined when no further 
flux decline was observed. The MWCOs of the membranes were observed to increase 
with DMF concentration in the dope solution. A MWCO of <200, 420, 600 and 1000 g 
mol"' was achieved for membranes M2, M16 - M18 respectively. 
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Figure 6.13: Cross section SEM pictures (Magnification: l,000x) of membranes M2, 
M16 - M18 prepared from 22wt% PI with different DMF:dioxane ratios in the dope 
solution. 
Cross sectional SEM images of membranes M2, Ml6 - Ml 8 are shown in Figure 6.13. 
The membranes all show an asymmetric structure. The most significant morphological 
change observed is the increase in macrovoid formation with higher DMF concentration 
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in the dope solution. These features may account for the higher fluxes and compaction 
observed in Figure 6.12. Increasing macro void formation with increasing DMF 
concentration in the dope solution has also been observed by Kim et al. [217] for 
polyetherimide (PEI) membranes. This was attributed to the polymer solution system 
shifting from a delayed to an instantaneous demixing process at higher DMF (log Kow'-
-1.01) concentrations due to the poorer affinity of dioxane (log Kow: -0.27) for water. 
The dilute solution diffusion coefficients for DMF and dioxane in water were calculated 
from equation 7.6 to be 1.11 x lO"^  and 1.05 x 10'^  m^ s"' respectively, which are not 
considered significantly different within the accuracy of the estimation. Instantaneous 
demixing leading to macrovoid formation occurs when the initial polymer composition 
lies close to the cloud point curve [3]. Figure 6.14 shows the ternary diagram of P84 at 
different solvent compositions at 25°C. The migration of the cloud point curve at a 
higher DMF concentration towards the polymer/solvent axis corroborates this shift 
towards instantaneous demixing [108]. 
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Figure 6.14: Ternary diagram of P84 at different DMF:dioxane compositions at 25 ± 0.5 
°C. 
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Figure 6.15: Cross section SEM pictures (Magnification; 100,000x) of the separation 
layer of membranes M2, Ml6 - Ml8 prepared from 22wt% PI with different 
DMF:dioxane ratios in the dope solution. 
Figure 6.15 shows a magnified (100,000x) cross section of the top surfaces in 
membranes M2, M16 - M18. As with membranes Ml - M8, the SEM pictures show 
that the predominant morphology within this length scale is that of a nodular structure. 
Wienk et al. [104] reported that the size of nodules for polyethersulfone (PES) 
membranes decreased if the initial composition of the dope solution moves closer to the 
binodal composition. In this work, this would represent a reduction of nodule size from 
M2, Ml6 - Ml8 as the cloud point curves shifts towards the polymer-solvent axis 
(Figure 6.14) with increasing DMF concentration in the dope solution. However the 
clarity of the obtainable SEM pictures makes it difficult to discern the nodule sizes. 
In the formation of the nodular top layer, low polymer diffusion coefficients [248,249] 
compared to the solvent and non-solvent have been used to justify the assumption that 
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little reorganisation of the polymer chains present in the initial polymer solution occurs. 
As such, the demixing time could control the nodule size, with faster demixing leading 
to shorter coarsening [250] periods before vitrification, and resulting in smaller nodule 
sizes. 
The size of nodules has been previously reported to be independent of the MWCO of 
the membrane [104,251]. However, as no other significant morphological change could 
be observed in this layer, the different nodule sizes could be an indication of a physical 
parameter that induces a change in the separation performance of PI OSN membranes. 
Current transport models [72,252] used in OSN are unable to relate this morphological 
feature to OSN transport and further work is required to elucidate a transport 
mechanism coherent with the present observations. Wood and Sourirajan [253] 
proposed a transport model assuming that the dope solution consists of 
hydrodynamically impermeable spheres which are crystallised in place during 
immersion precipitation. Transport through this membrane is analysed by convective 
and diffusive flow through the interstitial spaces. In this model, the spherical volume 
(Vs) with radius Rs were estimated as a function of the molecular weight (Mw) and 
polymer concentration (C): 
==(/k%j%f)/3=0.507A4\,/((:.jV,,) (6.1) 
Further assuming that the interstitial voids are formed from closely packed monolayers 
that are surrounded by three particle spheres (Figure 6.16), the equivalent crossectional 
radius of the void (Rvoid) may be calculated from the following equation: 
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= [ ( 3 ' ' ' - ; r / 2 ) / ; r r ' «4.414 (6.2) 
Figure 6.16: Interstitial void (shaded area) between closely packed impenetrable 
spheres. (Adapted from Wood and Sourirajan [253]) 
For membranes M2, Ml6 - Ml8, is calculated using equation 6.1 resulted in a value 
of 6.8 nm (MW for Lenzing P84 ~ 400,000 g mol'^). In most pore flow models of NF 
membranes, the membranes are assumed to take nominal pore diameters of 1 nm. Using 
Equation 6.2, the equivalent Rs is estimated to be 2.1 nm for this pore diameter. Whilst a 
plausible Rs of similar magnitude to that calculated for M2 and Ml6 - MIS was 
obtained, equation 6.1 does not take into account the influence of different solvents (and 
any additives). A further modification of equation 6.1 is required to take into account 
these influences by using the apparent molecular weight (Mw.app) in place of M^, where 
Mw.app is defined as follows: 
M = (6.3) 
Where K and a are the Mark-Houwink constants for the polymer in pure solvent only. 
This modification would only result in large differences to equation 6.1 if changes to the 
solvent composition in the dope solution resulted in large changes to the intrinsic 
viscosity [?/]. 
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The possibility of the polymer chains forming macromolecular structures of varying 
sizes with different solvent composition in the dope solution prompted an investigation 
into the dilute solution properties of dope solutions at the various solvent compositions. 
Significant polymer-polymer interactions make it difficult to determine possible 
macromolecular structures in concentrated polymer solutions. The hydrodynamic 
volume of a macromolecule is proportional to the apparent molecular weight and the 
intrinsic viscosity ([//]) of the polymer, with decreased [?/] indicating a more compact 
conformation of the polymer chains [253]. [rj] can be determined from the intercept of 
a plot of rjspic against concentration (c) and the slope is proportional to k'[rj\ where k' 
(Huggin's coefficient) indicates the strength of the polymer solvent interaction. 
• DMF:dioxane -1:3 [r|] = 33.8 k' = 1.3 
• DMF:dioxane -1:1 [T|] = 31.7 k' = 1.6 
• DMF:dioxane - 2:1 [TI] = 41.7 k'= 0.7 
X DMF:dioxane - 3:1 [ri] = 33.1 k' = 1.3 
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Figure 6.17: Viscosity and thermodynamic properties of dilute Lenzing P84 solutions. 
[rj] and k' in the figure are defined by the equation r] I c- [77] + k'\r]fc. 
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Figure 6.17 shows a plot of rjsplc against c for P84 dope solutions at different 
compositions. No systematic variation in [rf] or k' with solvent power was observed. 
Joly et al. [254] made a similar observation using different solvents for dilute solutions 
of 6FDA-mPDA PL This indicates that it is unlikely that macromolecular structures in 
the dope solution are responsible for the observed change in MWCO in the prepared 
membranes. 
6.4.6 Summary 
The results of section 6.4 shows that within the parameter space explored in this work, 
changing the formation parameters of polymer concentration in the dope, evaporation 
times and thermal annealing conditions resulted in little change in the MWCO curves. 
However the flux of each membrane varied significantly. The results suggest that the 
MWCO and flux might be independently varied. Also, the clear change from an 
appreciable to no flux for regular and annealed membranes suggests that the porosity in 
the top layer is important in determining transport rates in these membranes. 
The greatest change in the MWCO was observed by varying the composition of the 
solvent and co-solvent in the dope solution. This presents a simple methodology with 
which to exploit a single polymer to achieve control over the separation characteristics 
in OSN membranes. From a membrane manufacturing perspective, this method allows 
different membranes of distinct separation performance to be fabricated using the same 
processing steps by varying the dope solution composition. 
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6.5 Solution diffusion or pore flow? 
Theory/Models 
Different models have been developed for the description of membrane transport 
behaviour. In this work, simplified versions of two commonly used approaches, the 
solution diffusion (SD) and pore flow (PF) models have been utilized to gain some 
insight into the influence of membrane physical parameters on membrane transport. The 
two models presented are not used to make a direct comparison of their fit to the 
experimental data or their predictive ability. The intent of using the models is to 
interpret the transport data and evaluate the applicability of each model to the 
description of OSN transport via parameter fitting. Through this, a quantitative 
framework can be established to relate the membrane formation parameters to the 
intrinsic transport parameters such as membrane permeability and pore dimensions for 
the SD and PF models respectively. 
6.5.1 Solution diffusion (SD) 
The SD model, first introduced by Lonsdale et al. [255], has been adopted by White 
[75] and Peeva et al. [68] to describe membrane transport in systems using PI OSN 
membranes. The important implications of this model with respect to the physical 
structure of the membrane are the lack of a porous layer, the diffusion of species 
without interaction, and the assumption of no pressure drop across the separating layer. 
Equation 6.4 [72] describes the flux of a species i across the membrane as being 
dependent on concentration and pressure. 
J, = P: ^i,F ~ ^i,P GXp 
V 
u,(AP) 
RT 
\ 
, with R - (6.4) 
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At osmotic equilibrium, where AP = AZT and J/ = 0, equation 6.4 may be expressed as 
follows: 
J: = 0 = P, 
^i,F ^i,P 
u,(An) 
RT 
(6.5) 
Equation 6.5 can now be substituted into equation 6.4 yielding the following 
expression; 
Ji - 1 - e x p 
u , ( A P - A n ) 
RT 
(6.6) 
In this two-parameter model, the solvent (B) and solute permeabilities (P;) were 
calculated using simplifying assumptions and equations as shown by Peeva et al. [68]. 
The effects of concentration polarisation are assumed to be negligible as a dilute feed 
solution was used. The solvent permeability may be experimentally determined from 
independent measurements of the pure solvent flux = 1 and Ai7 - 0) at different 
pressures using equation 6.7, which assumes that for small values of Z, 7 - exp(- Z) =Z, 
since only the first term of Taylor series is significant. 
, where B = -^ P,v, 
RT 
(6.7) 
Similarly, with the assumption that the concentration driving force is dominant at low 
pressures (4 bar) where exp(-z) —> 1 when z ^ 0, equation 6.4 can be simplified to 
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equation 6.8. The solute permeabilities can thus be determined by measuring solute 
concentration and flux at low pressures (< 4 bar). 
J • = ( x , y — x-p) (6.8) 
The solute and solvent permeabilities obtained from equations 6.7 and 6.8 are then used 
to calculate the flux ( J™) and rejection {Rf^) under the experimental conditions (30 
bar and 30°C) using equation 6.4 and the following equations: 
(6.9) 
J ' " = Z - / , (6.10) 
(0/„\ _ 0 ) = I 
\ 
xlOO (6.11) 
These were then compared with experimental values obtained in independent 
experiments for membranes prepared under different conditions. 
6.5.2 Solution diffusion results and discussion 
Table 6.2 shows the experimentally determined permeabilities of the solvent and solutes 
for membranes Ml - M4. The solute permeabilities were determined by applying a low 
pressure (4 bar) across the membrane to determine the flux of the solutes calculating the 
permeabilities using equation 6.8. Solvent permeabilities were determined from pure 
solvent fluxes across a range of pressures and equation 6.7. The measured toluene 
(solvent) permeabilities (Ml — M4: 3.52 - 0.381 mol m^ s ' ) are similar to those 
134 
Chapter 6; Functional performance of Lenzing P84 polyimide OSN membranes 
obtained by White et al. [75] (0.778 mol m"^  s"') and Silva et al. [74] (0.585 mol m'^ s"') -2 „ - K 
for the polyimide membrane Starmem^"^ 122. Ml and M2 were observed to have higher 
permeabilities than Starmem^'^ 122 whilst M3 and M4 gave lower permeabilities. 
Table 6.2: Experimentally determined solute and solvent permeabilities for use in the 
solution diffusion model. 
Molecular Molar 
Compound weight volume 
(g mol" )^ (cm^ mol"') 
SD Permeability 
(x 10^ mol m"^  s"^ ) 
Ml M2 M3 M4 
Toluene 
n-Decane 
Dodecane (DDC) 
n-tetradecane 
(TDC) 
n-hexadecane 
(HDC) 
n-docosane 
QDCS) 
Hexacosane 
03CS) 
Tetraoctyl 
ammonium 
bromide (TOABr) 
92 
142 
170 
198 
226 
310 
366 
546 
106 
196 
225 
260 
292 
399 
468 
713 
351.9 305.2 
6.46 5.11 
67.6 
2.91 
3&1 
1.55 
3.58 
2.06 
2.68 1.06 0.569 
1.52 0.659 0.353 
1.19 0.865 0.408 0.227 
0.255 0.184 0.114 0.0774 
0.0340 0.0256 0.0211 0.0150 
0.0413 0.0407 0.0427 0.0168 
In all membranes, the solute permeabilities were observed to decrease with increasing 
molecular weight. However, TOABr (MW 546 g mol"') was observed to have a higher 
permeability than HCS (MW 366 g mol"') in all membranes in spite of a higher 
molecular weight. A similar observation was reported by White [75] with a lower 
permeability observed for branched molecules. This may be due to differences in shape 
and polarity between a quaternary ammonium salt (TOABr) and an alkane (HCS), 
resulting in unexpected permeabilities. 
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Figure 6.18: Experimental values and solution 
rejections for membranes Ml - M8. 
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Figure 6.18 shows the predicted and the actual values for the flux and MWCO curves 
for membranes Ml - M8 using these values and applying the solution diffusion model 
at 30 bar. The model shows a reasonable fit for the prepared membranes. 
The increase in toluene permeability for membranes Ml — M4 may be explained by an 
increased packing density of polymer chains leading to decreased flux with increasing 
polymer concentration. However, for membranes M5 - M8, the apparent unchanged 
MWCO for the membranes represents a change in the solute permeability (P,) in direct 
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proportion to the change in the solvent permeability (B). For these membranes, it may 
be assumed that the membrane diffusion coefficient (A) and partition coefficient (Kj) 
are constant as manufacture aspects and membrane material were kept constant 
throughout. Hence a decrease in Pi (P,- -DiKi/l) could imply an increase in the thickness 
of the separation layer / with evaporation time. The increase in I resulted in a 
proportional decrease in permeability of both solute and solvent resulting in the 
observed decrease in fluxes whilst maintaining the same rejections for the solutes. 
Assuming an initial separation thickness of 200 nm for M8 (evaporation time of 70 sec), 
the change in flux between M5 (evaporation time 10 sec) would represent a decrease in 
the membrane thickness of 50 nm. Although this morphological change could not be 
discerned in the SEM pictures, it can be seen from Figure 6.5 and Figure 6.6 that the 
predominant morphology within this length scale is of tightly packed polymer nodules. 
Figure 6.19, obtained at a lower magnification, also show that within a depth of 300 nm, 
the structure of the membrane changes considerably. Whilst it is difficult to define a 
discrete boundary for the active layer from the SEM micrographs, there is evidence that 
this active layer physically exists on the top of the asymmetric membrane, within a 
thickness no deeper than 300 nm. In addition, a change in the separation layer thickness 
assumed in the SD model could explain the apparent decrease in flux for the membranes 
with no change in the MWCO. 
V*; • no • * j s-it • J rwn • Krl 1r-» 
Figure 6.19: Morphological changes in PI membranes 
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6.5.3 Pore flow (PF) 
Most works on modelling of nanofiltration membranes assuming the presence of pores 
regard these membranes as bundles of capillary tubes. In such cases, the Hagen-
Poiseuille equation can be used to describe the relationship between the solvent flux and 
applied pressure [256]. The solvent permeability Lp can be determined by a best fit plot 
of pure solvent flux against pressure. 
The hydrodynamic model used in this work is derived from the extended Nemst-Planck 
equation for the transport of solutes inside the membrane. This model has been 
successfully applied by several authors [78,252,257,258] for the description of NF 
transport. The equation consists of flux terms due to diffusive, electric field gradient and 
convection: 
(6.13) 
In this work, equation 6.13 is simplified to equation 6.14 by ignoring the transport term 
due to the electric field gradient; 
Ji - A,oo (6.14) 
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Where c, is the solute concentration in the pore and x is the axial position within the 
pore. The solute diffusive and convective hindrance factors K^d and K^c are functions of 
the ratio between the solute to pore radius (A, = di/dp) [79]. Assuming a parabolic fully 
developed solute flow within the pore, the hindrance factors may be expressed as [78]; 
=1.0-2 .30 A, +1.154A" + 0 . 2 2 4 ( 6 . 1 5 ) 
= ( 2 - 0 J ( l . O + O.O54A, -0.988A^ +0.44U^) (6.16) 
Where 0/ (partition coefficient) is the ratio of the average intra-pore concentration to 
that of the bulk solution at equilibrium. When the interactions between the solute and 
pore wall are purely steric [78], this may further be approximated as follows: 
<D; =(1 - j , ) : (6.17) 
Neglecting the effects of concentration polarization (Q^ = C,/) and integrating equation 
6.14 across the thickness of the membrane {0 < x < Ax) with the boundary conditions 
where = cp,C/ and Ci^ x=^ x = yields: 
Where the Peclet number (Pie) is defined as follows: 
0&18) 
8// 
J ) , . = (6.19) 
6njLid^, 
139 
Chapter 6: Functional performance of Lenzing P84 polyimide OSN membranes 
The diffusivity in the bulk solution, can be calculated using the Stokes-Einstein 
equation [79]. The observed rejection of the solute can thus be presented as a function 
of Pi,e and Xi/. 
(6.20) 
Measurements of flux and rejection allow a value for A, to be determined for each 
species using equations 6.15, 6.16, 6.17 and 6.20. The effective molecular diameter 
of each solute was determined in separate calculations by first optimising the solute 
structure solvated in the solvent of interest using Gaussian 03 molecular modelling 
software and ground state DFT, B3LY method with 6-31G+(d,p) basis set [32]. The 
Integral Equation Formalism Model Polarizable Continuum Model (lEFPCM) was used 
as the solvation method to calculate and optimise the solute structure in toluene (the 
solvent of interest in this study). The smallest possible cylinder around the molecule 
was determined and the values of Hi (the diameter) and Li (the length) were calculated. 
di^ s was further calculated using the following formula [259]: 
(6.21) 
Where Hi is the diameter and U the length of the smallest possible cylinder around the 
molecule of solute i. The average dp = 2 • ) determined by equation 6.22 allowed 
the further estimation ofy4/Ax using equation 6.12. 
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A^vg _ Z j P.' ig number of solutes. (6.22) 
n 
6.5.4 Pore flow results and discussion 
Table 6.3: Molecular weights and effective molecular diameter of test solutes. 
Compound Molecular weight (g mor') Effective molecular diameter di,s (nm) 
Decane 142 1.5 
DDC 170 1.7 
TDC 198 2.0 
HDC 226 2.3 
DCS 310 3.0 
HCS 366 3.5 
TOABr 546 3.1 
The presence of small channels between polymer nodules at the surface of the 
membranes suggests that convective and diffusive transport in pore flow mechanism 
might be of interest. Table 6.3 shows the molecular weight of the test solutes used in 
this study and their calculated effective molecular diameter increased with the 
molecular weight of the solute except for TOABr. TOABr has a smaller value of di^ s in 
spite of a higher molecular weight than HCS. This implies that the rejection of the 
solutes can also be strongly linked to the shape of the molecule. 
Table 6.4: Estimated membrane permeability, average pore diameter and^l/Ax values 
for membranes Ml - M8. 
Membrane Zj, X 10'^ (L m^ h ' Pa^) (nm) Std dev. A///lx (m"^ ) 
Ml 16.93 3J3 0.8 1238 
M2 3.51 1.3 1814 
M3 4J6 3.10 1.7 8307 
M4 128 2.97 1.6 8873 
M5 10.46 3J1 3.0 3992 
M6 8.63 135 1.0 3624 
M7 6.65 337 1.0 2736 
M8 5J2 3.40 1.1 2131 
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Lp was determined from equation 6.12 by plotting flux against pressure for the different 
membranes. Table 6.4 shows a decrease in Lp with increasing polymer concentration 
and evaporation time. Using the experimental values of i?, and Jv for each membrane, a 
value of Xi can be estimated for each solute. Assuming that the membrane comprises a 
bundle of uniform capillaries, an average can be estimated together with the 
corresponding values ofAk/Ax (Table 6.4). 
The calculated was observed to decrease with increasing polymer concentration in 
membranes Ml to M4, which represents an increase of 17 % in with the increase 
of a polymer concentration of 20 wt % to 26 wt %. This decrease in pore size was also 
observed by Ismail and Hassan [113] for a study in polysulfone NF membranes, where 
an increase of a polymer concentration from 19.6 wt % to 32.8 wt % resulted in a 
decrease of 54 % for d'^ "^  . The increased pore size at lower polymer concentrations can 
explain the higher flux and solvent permeabilities observed for these membranes. 
For membranes M5 - MS, d^"^ was observed to remain the same for all membranes. 
The decrease in solvent permeability observed in the membranes can however be 
attributed to a decrease in Ak/Ax from 3992 m"' for M5 to 2131 m"^  for MS as the 
evaporation time increases. Assuming Au remains constant for the membranes, this 
observation can be explained by a decrease in the thickness of separation layer in 
membrane MS - M5 from 200 to 100 nm. 
The two models presented are able to adequately describe the observed phenomenon: 
Firstly, the observations of increased flux and decreased MWCO due to an increase in 
142 
Chapter 6; Functional performance of Lenzing P84 polyimide OSN membranes 
polymer concentration may be explained by either an increase in the separation layer 
thickness using the SD model or a decrease in pore size by the PF model. Secondly, the 
decrease in flux but unchanged MWCO due to an increase in the evaporation time may 
be described by an increase in the separating layer thickness by both the SD and the PF 
model. However, if a fundamental morphological basis on the formation of nodules in 
integrally skinned asymmetric membranes could be determined, as described in section 
6.4.5 (e.g. through Atomic Force Microscopy [78,105]), the PF model would be the 
preferred model in which to predict both solvent and solute transport. Presently, the 
proclivity for both models to be able to provide an explanation to the observed transport 
behaviour in OSN is testament to their continued widespread use to describe transport 
within the NF range. 
6.6 Conclusions 
In this chapter, the relationship between various formation parameters that affect the 
transport properties of PI OSN membranes was demonstrated. The following 
conclusions may be drawn from the presented results: 
• Of the various parameters, the MWCO of the membranes seem to be most 
significantly affected by changes in the solvent: co-solvent ratio in the dope solution. 
However significant increase of the MWCO is at the expense of increased macrovoid 
formation and compaction in the membranes. 
• The solvent flux was observed to vary with the various parameters except for the 
casting thickness of the membranes. Whilst it is difficult to ascertain which factor 
resulted in the most significant effect, it however does imply that the membrane flux 
is highly dependent upon many factors, and care must be taken to ensure 
reproducibility. 
143 
Chapter 6: Functional performance of Lenzing P84 polyimide OSN membranes 
• Whilst SEM images could not be used to directly determine the presence of a 
separation layer in the membranes, the main structural features in the membranes 
could be examined by this means. The top separation layer of these membranes 
mainly consisted of polymer nodules with a degree of nanoporosity. The removal of 
this nanoporosity leads to flux decline and eventual termination of flux in the 
membranes. 
• Both the shape and size of the solutes are important in the determination of the 
rejection. 
• The performance of the membranes with changing polymer concentration and 
evaporation time can be adequately described by both the proposed SD and PF 
models. This does not allow selection of one model as being more 'accurate' than the 
other. 
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7. Polymeric membranes for nanofiltration in 
polar aprotic solvents 
7.1 Abstract 
Highly solvent stable OSN membranes were prepared through the chemical crosslinking 
of integrally skinned PI membranes using aliphatic diamines. The resultant membranes 
were stable in many organic solvents including toluene, MeOH, DCM, THF, DMF and 
NMP. Operation of crosslinked Lenzing P84 in DMF and THF for 120 h showed that 
the membranes have stable fluxes and good separation performances. Possible re-
imidization and loss of crosslinking at elevated temperatures limits their range of 
application to temperatures <100°C. Simultaneous control over the MWCO curve in the 
NF range and improved chemical stability of P84 is also demonstrated by coupling 
chemical crosslinking with the previously described method (Section 6.4.5) of varying 
the dope solution compositions. Crosslinking of membranes made from Matrimid 5218 
and Ultem 1000 using the same methodology also resulted in a similar improvement of 
chemical stability. 
7.2 Introduction 
The development of PI OSN membranes in the preceding chapter serves as a platform 
on which to further improve the use of PI in OSN applications. Currently, whilst 
145 
Chapter 7: Polymeric membranes for nanofiltration in polar aprotic solvents 
commercial PI OSN membranes have been shown to give good performances in several 
organic solvents (e.g. toluene, MeOH, ethyl acetate etc. [74]), Pis are unstable in some 
amines [186] and have generally poor stability and performance in polar aprotic 
solvents such as DCM, THF, DMF and NMP, in which most PI are soluble. Inorganic 
membranes [12,14,15] have been developed which offer good stability in organic 
solvents, but they are often more expensive and difficult to handle. To date, there are no 
reports of OSN in aggressive solvents such as DMF and NMP. 
Crosslinking of polymeric membranes has been investigated primarily for gas 
separations and is shown to increase selectivity, chemical and thermal stability [260-
262]. Although this is often achieved at the expense of a decrease in permeability [263-
265], this deficiency is less important as compared to liquid separations. Several 
crosslinking strategies for Pis have been proposed including the use of radical initiated 
(thermally or via the use of UV) and chemical crosslinks [263,266,267]. Post casting 
modification of polymer films allows the desired morphology of the membranes to be 
attained via phase inversion followed by further crosslinking on the pre-formed 
membrane to maintain this morphology under aggressive conditions. In OSN, where 
membrane stability of the under-layer is as critical as the separating layer, effective and 
uniform crosslinking of the whole membrane must be achieved. This precludes the use 
of radical initiated methods which would have difficulty achieving crosslinking 
throughout the whole membrane. Instead, chemical crosslinking was chosen as the 
preferred method to achieve uniform crosslinking throughout the membranes. Several 
chemical crosslinking strategies for use in PI membranes have been proposed and 
include the use of di/poly-amines in a ring opening reaction [268], the inclusion of 
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condensable crosslinking sites during polymer preparation [269,270] and the use of 
crosslinkable polymer matrices [197,271], 
Chapter 6 described an investigation into several membrane formation parameters for PI 
OSN membranes. This chapter extends this investigation to the crosslinking of 
membranes prepared in chapters 5 and 6 with linear aliphatic diamines to improve the 
chemical stability of the membranes. Crosslinking markedly improves the solvent 
stability of these membranes. Simultaneous control over the MWCO in the NF range 
and improved chemical stability of Lenzing P84 is demonstrated by coupling chemical 
crosslinking with the previously described method (Section 6.4.5) to vary the MWCO 
through the variation of the DMF;dioxane ratio in the dope solution. 
7.3 Experimental 
7.3.1 Chemicals 
The Pis used in this chapter have been described in chapter 5 and were used without any 
further treatment or purification. All crosslinkers and all other solvents were purchased 
from Sigma Aldrich, UK. The crosslinkers used in this work are linear aliphatic 
diamines with increasing chain lengths as follows: 1,2-ethylenediamine (EDA), 1,3-
propanediamine (PDA), 1,6-hexanediamine (HDA) and 1,8-octanediamine (ODA). 
7.3.2 Preparation of membranes 
P84 was dissolved in DMF and dioxane and stirred continuously at 50°C overnight to 
obtain a homogeneous dope solution. The polymer solution was allowed to stand for a 
further 24 h at room temperature to remove air bubbles. Membranes M20 - M26, M31 -
M38 were cast on a bench top laboratory caster. The dope solution was used to cast 200 
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p,m thick films on a non-woven backing material using an adjustable casting knife on an 
automatic film applicator (Braive Instruments, UK). Solvent was allowed to evaporate 
from the surface of the film at controlled time intervals before immersion, in a parallel 
direction, into a precipitation water bath at room temperature. For membranes M27 -
M30, a continuous casting machine was used with the non-woven backing entering the 
bath perpendicular to the surface of water, and operated at the following conditions: 
• Casting velocity: 0.05 ms"' 
• Length of evaporation zone: 0.3 m 
• Temperature of precipitation water bath: 20 - 25°C 
The membranes to be crosslinked (M21 - M25 and M27 - M38) were immersed into a 
bath of methanol and crosslinker for 24 h at ambient temperature. The membrane was 
then removed from the crosslinking bath and washed with methanol to remove any 
residual crosslinker [20]. Following this, the membrane was immersed into a bath of 
DMF for 24 h to check for solvent stability before finally being immersed into a bath of 
DMF/PEG600 (20/80 v/v %) to impregnate the conditioning agent. The membranes 
were then air dried to remove excess solvent. Membranes allowed to dry out without the 
impregnation of the conditioning agent (PEG600) curled up and cracked, rendering 
them unsuitable for further use. The preparation procedure was the same irrespective of 
the size of the membrane area prepared. A summary of the membrane preparation 
parameters for the membranes used in this chapter is given in Table 7.1. 
Membrane 
batch 
number 
Polymer 
concentration 
(wt %) 
(DMFrdioxane) 
Backing 
material" Crosslinker 
Bench/ 
continuous 
cast 
M20 22 (h3) PE N/A Bench 
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M21 22(1:3) PE ODA Bench 
M22 22 (1:3) PP ODA Bench 
M23 20(1:3) PE ODA Bench 
M24 18(1:3) PE ODA Bench 
M25 18(1:3) PP ODA Bench 
M26 20(1:3) PE N/A Bench 
M27 18 (L3) PP EDA Continuous 
M28 18(1:3) PP PDA Continuous 
M29 18 (1:3) PP HDA Continuous 
M30 18 (h3) PP ODA Continuous 
M31 22(1:3) PP HDA Bench 
M32 22(1:1) PP HDA Bench 
M33 22(2:1) PP HDA Bench 
M34 22(3:1) PP HDA Bench 
M35 24(1:3) PP HDA Bench 
M36 24(1:1) PP HDA Bench 
M37 24(2:1) PP HDA Bench 
M38 24(3:1) PP HDA Bench 
° Polyester non-woven backing (PE) Hollytex, USA, Polyolefm non-woven backing 
(PP) Viledon, Germany. 
7.3.3 Nanofiltration experiments 
NF experiments were carried out in both dead end and crossflow to determine the flux 
and MWCO curves of the membranes; the former enabled quick screening tests to be 
done and allowed for easy solvent swaps. The latter allowed for more rigorous testing of 
the behaviour of the membranes over extended periods. Dead end testing of the 
membranes was carried out in a SEP A ST (Osmonics, USA) dead-end NF cell, as 
described in a chapter 4. Crossflow experiments were carried out in a METcell cross 
flow system (Membrane Extraction Technology, UK) (Figure 7.1), with care taken to 
ensure the stability of the system seals (Chemrez) in aggressive solvents. 
7.3.4 Membrane performance 
Membrane performance was evaluated by the flux and the MWCO curve. A detailed 
description of the MWCO evaluation procedure in dead-end filtration has been 
presented in chapter 4. For crossflow filtration, permeate samples were taken after 
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steady state was achieved. Rejection and MWCOs were determined as described in 
chapter 6. 
-S-
Pressure regulator 
HPLC pump 
Feed vessel 
Re-circulating 
pump 
Retentate 
sampling 
port 4 ^ 
Magnetic stirrer/heater 
Permeate sampling ports 
Permeate collection 
vessel 
Figure 7.1: METcell crossflow system. 
7.3.5 FT-IR 
Chemical changes within the membranes before and after crosslinking were monitored 
using a Perkin Elmer Spectrum One FT-IR spectrometer with a MIRacle^^ attenuated 
total reflection (ATR - Pike Technologies) attachment. The membranes were washed 
repeatedly in methanol to remove any excess crosslinker and air dried before analysis. 
Typical polyimide bands at 1780 (C = O), 1718 (C = O) and 1351 cm'' (C - N) and 
amide bands at 1648 (C = O) and 1534 (C - N) were identified to track changes to the 
polymer structure. 
7.3.6 Scanning electron microscopy 
SEM of the samples were carried out as per section 6.3.7. 
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7.3.7 Wide angle X-ray diffraction (XRD) 
Wide angle X-ray diffraction (XRD) of the membranes were carried out by a Phillips 
horizontal diffractometer at room termperature using a Cu-Ka radiation wavelength (k = 
1.54 A) at 20 kV and 25 mA. The average intersegmental distance of the polymer 
chains was reflected by the broad peak and the d-space was calculated by Bragg's 
equation: 
nA = 2dsin0 (7.1) 
7.4 Results and discussion - Lenzing P84 
7.4.1 Stability of crosslinked membranes in aggressive solvents 
Immersion testing was carried out on non-crosslinked (M20) and crosslinked (M21 and 
M22) membranes to determine their stability in various polar aprotic organic solvents. 
Table 7.2 shows the physical observations of the membranes after immersion in the 
solvents for 72 h. It was observed that M20 readily dissolved in the tested solvents 
leaving the backing un-dissolved. This is unremarkable given that the membrane 
polymer is known to be soluble in various polar aprotic solvents, and the membranes 
themselves have been prepared from DMF. However, crosslinked membranes M21 and 
M22 showed excellent solvent stability and remained un-dissolved in the various polar 
aprotic solvents. Some blistering of the membrane surface was observed for M21 with 
polyester backing in NMP. This was attributed to the slight solubility of the polyester 
non-woven backing in NMP. A weight loss of 6% was obtained in an immersion test of 
the polyester non-woven backing in NMP. The partial dissolution of the polyester could 
have caused differential swelling of the membrane layers resulting in surface defects. 
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This highlights the importance of selecting an appropriate backing material in the 
development of OSN membranes. 
Membrane 
batch no. Solvent" Observation 
M20 NMP Polymer dissolves leaving backing 
M20 DMF Polymer dissolves leaving backing 
M20 DMSO Polymer dissolves leaving backing 
M20 DMAc Polymer dissolves leaving backing 
M21 NMP Some isolated blisters appear on surface 
M21 DMF No change 
M21 DMSO No change 
M21 DMAc No change 
M22 NMP No change 
M22 DMF No change 
M22 DMSO No change 
M22 DMAc No change 
^ NMP: A^-methyl-2-pyrrolidone, DMF: A^TV-dimethylformamide, DMSO: 
dimethylsulfoxide, DM Ac: iV^iV-dimethylacetamide 
The degree of crosslinking in the membranes can be easily identified by comparing the 
FT-IR-ATR spectrum for the original and crosslinked membranes (Figure 7.2). 
Compared with the original film, the signal intensity of imide bands at 1780, 1718 and 
1351 cm"^  were significantly attenuated indicating reduction [268] in the imide bonds. 
Concomitantly, the amide bands at 1648 and 1534 cm"' were observed to increase. This 
indicates a crosslinking mechanism similar to that proposed by Liu et al. [268] (Figure 
7.19(A)). The ease of crosslinking and processibility makes this method highly 
successful. However, a possible drawback of this method of crosslinking is the re-
imidization of the crosslinked polyimide when exposed to elevated temperatures [272]. 
The FT-IR spectra of the crosslinked membranes annealed at 100°C and 150°C for 0.5 h 
between glass plates shows that with increasing temperature, the spectra intensity of the 
imide bands decreased. This indicates possible re-imidization and loss of crosslinking in 
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the membrane. Membranes annealed at 100°C were observed to remain insoluble in 
DMF, while membranes annealed at 150°C were observed to re-dissolve in DMF. 
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Figure 7.2: FTIR-ATR spectra of non-crosslinked and crosslinked membranes, and 
membranes annealed at different temperatures for 0.5 h, from batch M25. 
The cross section and a magnified detail of a non-crosslinked and a crosslinked 
membrane are shown in Figure 7.3(A) and (B). The SEM pictures suggest that both 
membranes have a spongy asymmetric structure with a nodular top separating layer. 
The crosslinked membrane was observed to retain this structure even after immersion in 
DMF, and showed no indication of plasticization or re-dissolution which would change 
the morphology of the membrane. The similarity in structural features suggests that the 
crosslinking does not change the morphology of the membranes, but rather helps to 
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preserve that morphology by introducing intermolecular bonds to hold the polymer 
chains together when exposed to polar aprotic solvents. 
200 om 
200ntn 
Figure 7.3: SEM pictures of the cross section and top separating layer of membranes 
from batch M25 before (A) and after (B) crosslinking. 
7.4.2 Performance in different solvents 
Table 7.3: Effect of polymer concentration on membrane performance. 
Membrane Polymer concentration Flux (Lm-^h ')* MWCO' batch no. (wt%) Water DMF" 
M22 22 - - -
M23 20 65 17 250 
M23 20 54 16 250 
M24 18 126 27 420 
M24 18 90 18 420 
" All membranes were insoluble in DMF. 
^ Fluxes measured at 30 bar and 30°C. 
"^MWCO determined in DMF using dead-end filtration at 30 bar. 
Table 7.3 shows the effect of the polymer concentration on the performance of the 
crosslinked membranes. Both water and DMF flux were observed to decrease with 
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increasing polymer concentration. A slightly higher MWCO was also achieved at a 
lower polymer concentration. Although even lower polymer concentrations might offer 
the added advantage of increased flux, a compromise between a high flux and ease of 
processibility had to be reached, as dope solution intrusion into the backing material 
was evident at lower polymer concentrations. 
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M24 
- - M24 non-crosslinked + 100°C for 0.5h 
M24 + 100°Cfor0.5h 
300 -
M24 non-crosslinked 
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M24 non-crosslinked + 100°C for O.Sh 
— M24 + 100°Cfor0.5h 
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Figure 7.4: Effect of crosslinking and thermal annealing on toluene flux and MWCO at 
30 bar and 30°C for membranes from batch M24. 
Figure 7.4 shows the effect of crosslinking and thermal annealing on the flux and 
MWCO of M24. Toluene was used to compare between the different treatment 
conditions as both the non-crosslinked and crosslinked membranes were stable in 
toluene. As alluded to previously, the choice of backing material is critical. As PP 
swells appreciably in toluene, PE backing was chosen in the preparation of these 
membranes. The flux was observed to decrease with crosslinking and thermal 
annealing. The decrease in flux due to thermal annealing and crosslinking is described 
in the literature to be the result of densiflcation of the separation layer [198] and 
reduction of the interstitial space between the polymer chains through the inclusion of 
the crosslinker respectively [264]. The MWCO of the crosslinked membranes were 
increased in comparison to non-crosslinked membranes. Whilst crosslinking has the 
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desired effect of rendering the resultant membrane insoluble in polar aprotic solvents, 
this has also resulted in a significant loss in the solvent flux. This may be due to a 
reduction in polymer chain flexibility via the introduction of covalent crosslinks. 
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Figure 7.5: Flux and MWCO of a membrane from batch M30 in different organic 
solvents tested in dead-end at 30 bar. 
Figure 7.5 shows the end flux and MWCO of M30 membranes in different organic 
solvents tested in a dead-end filtration cell. Remarkably, in addition to solvents already 
commonly used in OSN applications such as MeOH, toluene and acetone, the 
membrane was also usable in solvents such as DCM, DMF and n-ethyl pyrrolidone 
(NEP) and gave good separation within the NF range of 200 - 1000 g mol"'. For M30, a 
lower MeOH flux was observed compared to toluene. This behaviour is the opposite of 
that observed in similar non-crosslinked polyimide membranes [74] suggesting that 
crosslinking the membrane with ODA could have increased the hydrophobicity of the 
membranes, resulting in a higher toluene flux. Whilst no obvious trends between the 
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MWCO and the different solvent systems were observed, the variability of MWCO 
could be a result of different degrees of swelling of the polymer in the different 
solvents. 
7.4.3 Stability and performance over extended periods 
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Figure 7.6: Flux and MWCO of membranes from batch M30 in THF and DMF 
determined in cross-flow (A) showing fluxes over time, (B) showing MWCO curve 
determined after 120 hrs at 30 bar and 30°C. The chemical stability of the PP backing 
used in THF was acceptable in the time frame of this experiment. Significant swelling 
of the backing was observed for longer testing periods (2 weeks). 
Figure 7.6 shows the flux and MWCO of the crosslinked membranes (M30) in THF and 
DMF at 30 bar and 30°C. The continuous testing was carried out over 120 h with flux 
and rejection measurements taken intermittently. The membrane from batch M30 
showed fluxes of 100 L m"^  h"' and 70 L m"^  h"' in THF and DMF respectively. The 
membrane also shows a MWCO of 200 g mol"' in THF and 300 g mol ' in DMF. Higher 
fluxes were generally achieved in crossflow filtration over dead end filtration (Figure 
7.5), possibly due to the better mixing in the membrane test cells. The MWCO 
determined in crossflow was also deemed more accurate as the membranes are allowed 
to be fully compacted before rejection measurements were done. The data 
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unequivocally demonstrates the stability over an extended test period of the membrane 
in harsh polar aprotic solvents. These membranes show good reproducibility when 
produced in a continuous casting machine, and their ease of production makes them 
attractive in separations requiring membranes to be stable under such conditions. Higher 
fluxes were achieved at elevated temperatures of up to 50°C, with little change in the 
separation performance observed under these conditions (Figure 7.7). 
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Figure 7.7: Effect of temperature on membrane performance of batch M30 in DMF at 
30 bar. Membrane 1 and 2 denoting separate membrane discs tested in parallel from the 
same batch. 
7.4.4 Effect of crosslinker 
Figure 7.8 shows the effect of different crosslinkers on the performance of the 
membranes. Of the different aliphatic diamines tested, there was little difference 
between diamines in terms of MWCO curves. However, membranes crosslinked with 
EDA resulted in membranes with a significant higher flux (>50%, i.e. a permeability of 
DMF of 8 L m"^  h"' bar"'), making it the ideal aliphatic diamine with which to prepare 
such membranes. The only difference between the different diamines is the chain length 
of the aliphatic moiety. This has been reported to have implications including the slower 
diffusivity of the longer chain diamines into the membrane and possible effects of the 
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mutual influence of amine groups in the shorter chain diamines [264]. Since all 
membranes were stable in DMF, it can be concluded that crosslinking had taken place 
in each instance. However, the high fluxes observed with EDA could have resulted due 
to the least decrease in free volume after crosslinking. 
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Figure 7.8: Effect of different aliphatic diamines on membrane performance. Data for 
fluxes obtained using cross-flow filtration at 30 bar applied pressure. Numbers 1 and 2 
denotes separate membrane discs tested in parallel from the same membrane batch. 
Figure 7.9 shows XRD spectra of an 18 wt% Lenzing P84, before diamine modification 
and after it is crosslinked using a short (EDA) and a longer chained (ODA) diamine. 
The (i-spacings of the crosslinked membranes appear to be smaller those that of the 
original un-crosslinked membrane indicating reduced interstitial spacing between 
polymer chains either through polymer chain bridging by the diamines or through the 
inclusion of the diamines into the membrane matrix. The J-spacings of EDA 
crosslinked membranes were also observed to be less than that of the corresponding 
membrane crosslinked with ODA. Smaller J-spacings leading to higher solvent fluxes 
has interesting implications as to the transport through OSN membranes. If transport is 
purely diffusive through the polymer chains as defined by the SD model, a decrease in 
flux should be expected. However the contrary seems to imply that membrane transport 
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could be through interstitial spaces between polymer aggregations thus favouring a PF 
explanation. 
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Sample 2-e d-spacing (10''°) 
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Figure 7.9: XRD spectra of M27 (18 wt% P84) prior to crosslinking, M30 (18 wt% P84 
crosslinked with ODA) and M27 (18 wt% P84 crosslinked with EDA). 
7.4.5 Tunable crosslinked membranes 
Membranes M31 - M38 were prepared with different polymer concentrations and 
crosslinked with HDA as described earlier in this chapter. After crosslinking, all 
membranes were insoluble in DMF and showed no signs of defects/dissolution upon 
prolonged immersion (6 months). For membranes prepared at a DMF:dioxane ratio of 
1:3, DMF flux was only observed in M29 (18wt%) with no observable flux in M31 
(22wt%) and M35 (24wt%) under the operating conditions (30 bar and 30°C). This may 
be explained by the lower porosity of the final membrane with increasing polymer 
concentration. This trend is consistent with that observed for different polymer 
substrates [3]. In addition, lower gas fluxes have been previously observed for 
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crosslinked membranes compared to non-crosslinked membranes, explained by the 
reduction in interstitial spaces between polymer chains through the inclusion of the 
crosslinker into the polymer matrix [264]. 
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Figure 7.10: DMF flux profiles with increasing pressures at 30°C for (A) membranes 
M29 (18wt%, 1 and 2 signifying different membranes discs from the same casting 
batch), M32 - M34 (22wt %) and (B) membrane M29, M36 - M38 (24 wt %). No DMF 
flux was observed with membrane M31 and M35. 
Figure 7.10(A) shows the DMF flux profile of crosslinked membranes M29-1 (18 wt%), 
M32 - M34 (22 wt%). The flux was observed to increase with pressure for these 
membranes. This behaviour has previously been demonstrated [34,55,64,66] for OSN 
membranes. Significantly less compaction was observed for M29 compared to M32 -
M34 across all pressures. As described above, the structure of the crosslinked 
membranes remain unchanged before and after crosslinking. M29 possessed an 
asymmetric structure similar to M25 with no macrovoids whilst M32 - M34 have 
similar structural features to membranes M16 - M18. The presence of macrovoids in 
these structures can account for the increased compaction compared to M29. Macrovoid 
foiTnation is undesirable in membrane processes involving high pressures and 
161 
Chapter 7: Polymeric membranes for nanofiltration in polar aprotic solvents 
increasing the polymer concentration has been demonstrated as a means to reduce the 
formation of macrovoids and is attributed to an increase in the dope solution viscosity 
[3,110,273]. To this end, the polymer concentration was increased from 22 to 24 wt% in 
membranes M35 - M38 in an attempt to suppress the formation of macrovoids. 
I;- ;:! i 
Figure 7.11: Cross section SEM pictures (Magnification: l,000x) of membranes M35 
M38 prepared from 24wt% PI with different DMF:dioxane ratios in the dope solution. 
Figure 7.10(B) shows the DMF flux profile of M29-2, M36 - M38 (24 wt%). The 
membranes at 24 wt% show a lower flux than the corresponding membranes at 22 wt%. 
However, similar DMF flux and compaction trends to membranes M32 - M34 were 
observed. Figure 7.11 shows the cross sectional SEM images of M35 - M38. No 
macrovoids are observed in M35 but a significant increase in macrovoid formation was 
observed in membrane M36 - M38. 
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Figure 7.12: Specific viscosity of dope solutions at different polymer (wt%) and solvent 
compositions. Polymer solution/solvent viscosities and solvent densities were measured 
at25°C. 
Figure 7.12 shows the specific viscosity {rjsp) of the dope solutions at different polymer 
concentrations as a function of the DMF:dioxane composition. The risp of the dope 
solution was significantly increased with higher polymer concentrations and with 
increased amounts of dioxane in the dope solution, x was calculated to be 0.31 and 1.09 
for DMF and dioxane respectively with P84 (Table 5.4) indicating that DMF is a better 
solvent than dioxane. The solvation of a polymer by solvents may be estimated by 
determining a loci for liquids and noting the region of solubility in a 3-D plot of the 
Hansen solubility parameters due to dispersion {do), cohesive {5p) and hydrogen 
bonding effects ((5/f).[91]. For a poor solvent, this position would lie outside this 
envelope. 
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Hoemschemeyer [231] observed for several solvent/non-solvent solutions of cellulose 
acetate that the rjsp of the solution increases with the proportion of non-solvent until the 
solubility limit of the polymer is reached, rjsp was also reported to be higher for poorer 
solvents due to a smaller Gibbs free energy of mixing. In the present system, it is likely 
that the poorer solvation properties of dioxane led to increasing dope solution viscosity. 
At higher polymer concentrations, the increase in viscosity in the dope solutions is more 
evident as the dependence of viscosity on concentration moves from a first order to a 
third or higher order relationship. The compressibility of polymer coils and polymer 
chain entanglements also become increasingly important at elevated concentrations 
[274]. 
Although the risp of the dope solutions of membranes M32 - M34 and M36 - M38 are 
all similar or higher than M25, significant macrovoid formation still persists. 
Macrovoids are formed during instantaneous demixing, when the freshly formed nuclei 
of the dilute polymer phase remains stable and above a minimum solvent threshold 
concenfration. As pointed out by Smolders et al. [103], two competing effects are 
present when increasing the polymer concentration: (i) the interfacial polymer 
concentration strongly increases thus hindering the indiffusion of non-solvent and 
promoting the formation of macrovoids (ii) the minimum solvent threshold in the newly 
formed nuclei for the formation of macrovoids also increases thus reducing the 
propensity for macrovoid formation. This makes increasing the dope solution viscosity 
unsuitable as a means to reduce macrovoid formation. An alternative could be through 
the use of void-suppressants [186]. 
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Figure 7.13 shows the MWCO curves of the crosslinked membranes M29, M32 ~ M34 
and M36 - M38 at 30°C with increasing operating pressures in DMF. Variations 
between membrane M29-1 and M29-2 are observed with M29-2 having a lower 
MWCO. This is attributed to the batch variability of the membrane discs cut from each 
sheet. The MWCOs of the membranes were observed to decrease with operating 
pressure and this observation is consistent with other systems [68]. 
Assuming a constant permeability for solute and solvent over the pressure ranges (10 -
30 bar), this phenomenon can be predicted by the SD model (Section 6.5.1) [68]. The 
SD model assumes no changes to the solvent and solute permeabilities {Pi ^DiK/l) at 
different pressures. However, whilst the diffusion (D,) and partition coefficients (Ki) are 
unlikely to change, the the membrane thickness (/) could vary with increased membrane 
compaction at higher pressures. The PF model (Section 6.5.3) however predicts a 
decrease in solute rejection with elevated pressures at low concentrations [258], 
indicating model weakness under these conditions. However, these predictions assume 
that pressure has no physical effect on the membranes. Decreases in MWCO with 
pressure has been attributed to the tightening/sealing of pores with increasing pressure 
[64]. This explanation would result in predictions coherent with the current 
observations. 
The MWCO was observed to increase from M32 - M34 (22 wt% P84), with DMF 
concentration in the dope solution. The MWCO increased from 300 g mol ' for M32 to 
1000 g mol"^ for M34 at 30 bar. For membranes prepared with 24 wt% P84, the MWCO 
increased from 200 g mol"' for M36 to 800 g moP' for M38. This shows that polymer 
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concentration also has a minor effect in altering the MWCO of these membranes and is 
consistent with previous data presented in chapter 6. 
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Figure 7.13: MWCO curves of membranes M29 (18 wt%, 1 and 2 signifying different membranes from the same batch), M32 - M34 (22 wt%) 
and M36 - M38 (24 wt%) in DMF with increasing pressure. 
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The results demonstrate that crosslinking can be coupled to changing dope composition 
in a tandem process to simultaneously control the MWCO and improve the chemical 
stability of PI membranes. In addition, pressure can be used as a process variable in NF 
experiments to fine tune the required separation [68]. From a membrane manufacturing 
perspective, this method allows different membranes of distinct separation performance 
to be fabricated using the same polymer substrate and processing steps by varying the 
dope solution composition. 
7.4.6 Pore size distribution based on solute rejection 
Models 
Transport in OSN can be described by both the SD and PF models [74]. In chapter 6, it 
was demonstrated that both models could provide adequate explanations for 
experimental data. However in this chapter, the PF model is adopted as it is more useful 
in exploring the effects of changing dope compositions on the membrane separation 
performance. 
The use of a single descriptor (MWCO) for the separation performance of OSN 
membranes is insufficient for process design as this does not give an indication of the 
ability to discriminate between species. This was observed in UF membranes by 
Michaels [275] who suggested using a two parameter log-normal distribution to relate 
solute rejection to solute diameter in the description of sieving characteristics in 
different membranes. In this model, a mean solute diameter {d^) and a solute standard 
deviation (cr^) was used to describe the sizes of solutes rejected by the membrane. The 
rejection of the different species (i?/) can be described by the error function as follows; 
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1 p 
R, = erf (z) = .— \ e ^ du (7.2) 
Where 
lnc?„-InoL 
z = -
In cr. 
(7 3) 
Several investigators [276-278] have since used this model successfully to describe pore 
size distributions in a wide range of membranes. Zydney et al. [279] reviewed the 
various forms of the log-normal distribution used in the determination of pore size 
distributions in MF and UF membranes. They concluded that whilst the various forms 
are essentially equivalent, the form as proposed by Belfort et al. [280] is recommended 
as the mean pore diameter (dp) and standard deviation (cTp) are equal to the 
corresponding values of the probability density function due to the skew of the 
probability density function (/)?). This equation is presented as follows: 
/r - dJlTub 
exp 
{log(c^^/J^)+6/2}^ 
2b 
Where b = log 1.0 + 
r 
(7.4) 
In the present work, two models were used in the interpretation of the experimental 
data. The first is based on empirical fitting of experimental rejection data to a log-
normal distribution to obtain estimates of d^ and cr^  [281-283]. The second method 
utilises a hydrodynamic model of hindered solute transport in pores, as described in 
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chapter 6, in the estimation of these same parameters and so has a physical basis 
[252,278]. Descriptions of both models are given below. 
Empirically determined pore size distribution 
The empirical model proposed by Michaels [275] assumes a log-normal distribution for 
the pores. A plot of experimentally determined rejection against solute diameter on a 
log-normal probability graph, linearises equations 7.2 and 7.3 to the following form 
[276]: 
(7.5) 
Where A' is the intercept and B' the gradient of the log-normal plot. The solute 
diameters were determined by the Stokes Einstein equation as described by Geens 
et al. [284]: 
The diffusion coefficient of the solute in the bulk solvent (D/ w) can be determined by 
the Wilke-Chang equation [285], where the solute molar volume (o/) at the boiling point 
was determined using a group contribution method as presented by Geankoplis [232]. 
D,., (7.7) 
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From the log-normal probability plot, the mean solute diameter (d^) can be calculated 
as the solute diameter corresponding to R at 50%. From a table of statistics [281], the 
geometric standard deviation Os of the range of solutes rejected by the membrane is 
defined as the ratio of at i? = 84.13% and 50% [282,283]: 
)-^ /=0.841 )^t=0.5 1 /ry Q\ 
2 = J . (7.8) 
Several authors [78,277,286] have also expressed solute rejection as a function of A,- (= 
dijdp) to account for the steric and hydrodynamic hindrance effects of the pore on the 
solute. In this study the form presented by Zeman and Wales [286] is adopted: 
= 1 - {1 - [A, (;i, - 2)]" exp(-0.7146A/)} (7.9) 
The corresponding values of the mean pore size d^ and standard deviation cr^  are 
hence calculated using the values of di^ s at i? = 84.13% and 50% and equation 7.9. 
Equation 7.3 can now be expressed as: 
z = (7.10) 
IncT^ 
This allows the determination of the parameters for the probability density function 
given in equation 7.4. The ideal iso-porous membrane is one whereby > 0 about 
d , indicating perfect discrimination between species. 
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Hydrodynamic model 
The starting point for this model is derived from the extended Nemst Planck equation 
for the transport of charged solutes. This model has previously been applied 
successfully for the description of NF transport [252,257,258], 
(7 11) 
In most cases the first two terms (activity gradient in the pore (Figure 2.4) and effect of 
pressure on chemical potential within the pore) on the right are small and can be ignored 
[287]. Further, for uncharged solutes, transport due to the electric field gradient (fourth 
term) can also be ignored. For uncharged solutes, partitioning from the bulk to the 
membrane pore is only considered to arise due to steric effects. Neglecting the effects of 
concentration polarization (c;,m = c,/) and integrating equation 7.11 across the thickness 
of the membrane {0 < x < Ax) with the boundary conditions where cix=o = 0/C;/ and 
Ci,x=^ x = ^iCi,p allows the derivation of an explicit expression for rejection as a function 
of the pore size [257]: 
i?, = 1 (7.12) 
Where 
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V / 
A:, j = 1.0 - 2.30A, + 1.154;i^ + 0.224A^ 
=(2-0 , .Xl .O + O.O54A,. -0.988^: +0.44U3) 
(7 13) 
(7.14) 
(%15) 
(7.16) 
In the case where the pore diameters are significantly small {dp ~ dsoiv), pore viscosities 
have been calculated to be significantly higher than the bulk values thus necessitating a 
correction factor [252]. This is given by the following equation: 
^ = 1 + 18 
^0 
d f , \ W v d (7.17) 
Detailed description and model derivation is given in chapter 6. In this single parameter 
model, the solute rejection is only dependent on d^ . For the purposes of identifying a 
second parameter to describe the shape of the MWCO curve, the same log-normal 
distribution as the empirical model (equation 7.4) was coupled to the above 
hydrodynamic model [278,288], As the log-normal distribution is integrated from 0 to 
+00, large pores can have a significant effect on the pore wise rejection. A truncated 
distribution was used to limit the 'tail' effects by normalising the probability density 
function Jr and integrating firom 0 to dmax [278]. 
h 1 (%18) 
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The calculated rejection is obtained by integration of the porewise rejection [277]: 
4,"^= ^ / / ^ (%19) f ' d 
In parameter estimation, values oidmax used has been kept at dmax = 2 . In this analysis 
of the pore size distribution, spatial distributions of membrane pores were not 
considered. Estimates for and cr^  were obtained by fitting the calculated rejections 
for each solute to the experimentally determined values i?®"'' for each membrane. 
The following objective function was minimized for n solutes used to determine the 
MWCO curve: 
(7 ,0 ) 
Discussion 
Table 7.4: Calculated solute diameters used in the determination of the MWCO. 
Solute MW^ (g mol'^) Calculated solute diameters (nm) 
236 037 
295 0.43 
395 0.51 
495 &58 
595 0.65 
695 0.71 
795 0.77 
895 0.83 
995 0.88 
1095 0.93 
1195 0.98 
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' Values estimated using size exclusion chromatography data sheet provided from 
manufacturer (Polymer Laboratories, UK). 
dp and a^ of the membranes were calculated from the transport properties of the 
different molecular weight styrene oligomers. Table 7.4 gives the MW of the 
compounds used in this study and the corresponding calculated from equations 7.6 
and 7.7. The low concentration of solute ( « C* = 2.4 g solute g'^  solvent) used allows 
the assumption of negligible interactions between solute molecules [289]. The effects of 
concentration polarization are also assumed negligible at the high crossflow velocities. 
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Figure 7.14: Log normal plot of rejection against solute diameter for membranes Ml6 
M18, M32 - M34 and M36 - M38 at 30 bar and 30°C. 
For the empirical model, a log-normal plot of solute rejection against the solute 
diameter (Figure 7.14) allows a straight line to be drawn through the data points. Values 
of dp and cr were detennined from the values of ds at i? = 84.13% and 50% by using 
equation 7.9 to correct for the steric and hydrodynamic effects on rejection. 
The estimations of d^ and for membranes M16 - M18, M32 - M34 and M36 -
M38 at different pressures are presented in Table 7.5 for both the empirical and the 
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hydrodynamic models, was estimated to take values between 1.75 - 4.20 nm from 
the empirical model whilst smaller d^ of 0.30 - 1.32 nm were estimated by the 
hydrodynamic model. 
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Table 7.5: Mean pore size {d ) and standard deviation {op) for membranes calculated from rejection data. 
Solvent Solvent 
tested 
Pressure 
(bar) 
Empir ica l model H y d r o d y n a m i c model 
M e m b r a n e composition 
(DMFrdioxane) 
M e a n pore size, 
dp (nm) 
S t a n d a r d 
deviation, <tp 
M e a n po re size, 
dp (nm) 
S t a n d a r d 
deviation, op 
M2 1:1 Toluene 30 1.75 0 J 5 1.00 0.45 
M3 2:1 Toluene 30 231 0.75 1.09 0.09 
M4 3:1 Toluene 30 2jW 0 ^ 2 1.14 0^0 
M7 1:1 DMF 30 2.10 0 J 2 032 o^a 
20 2 ^ 9 1.02 0.51 
10 2.94 1.12 0.98 
5 336 0.77 1.16 0.09 
M8 2:1 DMF 30 2.52 OjC OjW 0.14 
20 2 ^ 9 0^3 0.93 0.11 
10 2.94 0.82 1^2 0.57 
5 336 0.77 1.01 0.61 
M9 3:1 DMF 30 3^0 OjW 1T8 0.08 
20 0^3 1.20 0.08 
10 3.92 0^3 1.07 0.13 
5 4.20 0 J 6 1.14 O^W 
M i l 1:1 DMF 30 1.96 0 J 6 030 0.47 
20 L82 030 o j a 
10 1.96 0.40 0^3 
5 2.31 OjW 0.54 Oj# 
M12 2:1 DMF 30 2.10 0.90 O j^ 0.13 
20 2 ^ 9 0 j # 0.13 
10 2jW O^G 0U3 
5 3 j # 0.72 0.67 
M13 3:1 DMF 30 2jW 0.86 1.03 0.43 
20 336 OjW 1.15 0.15 
10 3 J 8 0.75 1.32 0.13 
5 4.06 0.80 1.13 0.61 
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Gibbins et al. calculated d^ for Starmem™ 122 at approximately 0.6 nm using several 
different pore models [71]. However, as the MWCO of the present membranes were 
measured to be significantly higher than that of Starmem^"^ 122, the ranges of are 
plausible. The values reported in this work are also similar to that reported chapter 6 (~ 
3 nm). 
For both models, d^ is observed to increase with DMF concentration in the dope 
solution and with decreasing operating pressure. In the empirical model, this was 
accompanied by relatively unchanged values for or , indicating that differences in the 
separation characteristics of the membranes was primarily affected by changes in . 
Whilst these trends were largely similar for the hydrodynamic model, cr varied 
significantly between membranes and testing conditions. However in most instances 
where a higher MWCO is observed at lower values of d , a concomitant increase in a^ 
was observed. 
The dp of membranes at 24 wt% were also calculated to be smaller than that of 
membranes at 22 wt% for both models. During immersion precipitation, the higher 
interfacial polymer concentration could result in the formation of a 'denser' separation 
layer thus leading to a decrease in surface porosity and a reduction in d^. Changing the 
polymer concentration and operating pressure are useful as a secondary means in which 
to alter the rejection of solutes. 
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Figure 7.15: Probability density function curves for pore sizes of M16 - M18, M32 -
M34 and M36 - M38 at 30 bar and 30°C. (Top) Empirical model, (bottom) 
Hydrodynamic model. 
The probability density functions of both models for membranes Ml6 - Ml8, M32 -
M34 and M36 - M38 at 30 bar and 30°C are shown in Figure 7.15. The figure shows 
that in general, the pore size distribution shifts to the right for membranes with 
increasing DMF concentration in the dope solution. In the empirical model, also 
increases with the mean pore sizes thus indicating that the membranes at a higher DMF 
concentration have a larger pore size distribution hence correlating to the more diffuse 
MWCO curve observed in Figure 7.13. However, the hydrodynamic model 
demonstrates the changes in the MWCO curves more subtly. In some instances, a 
membrane with a seemingly lower MWCO can have larger cr^  thus increasing the 'tail' 
effects on separation and results in a more diffused MWCO curve with a pleateau at 
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values R< 99.9%. This could be a possible indication of either membrane or equipment 
defects when testing the particular membrane as described in chapter 4. 
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Figure 7.16: Variation of MWCO with dmax using the hydrodynamic model with the 
following conditions: = l nm, cTp = 0.2 nm. 
Figure 7.16 shows the effect of changing d,„ax in the hydrodynamic model on the shape 
of the MWCO curve of a hypothetical membrane. Small variations in the integration 
limit can result in large differences in the observed MWCO and a more diffused shape. 
These observations are highly significant with respect to perceived separations 
achievable by such membranes. Clearly for membranes formed from dope solutions at 
higher DMF concentration, the separation of two species with similar molecular weights 
is more difficult due to the large spread in pore sizes. However, these membranes are 
still useful in the separation of macromolecules (>1000 g mol"') from solvents or from 
smaller solutes. 
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7.5 Results and discussion - Matrimid 5218 and Ultem 1000 
As a corollary to the observed increase in chemical stability observed for P84, it is 
likely that the chemical stability of the other Pis might similarly benefit from 
crosslinking. The crosslinking of Matrimid 5218 using this strategy has also previously 
been demonstrated by Tin et al. [263]. The crosslinking of Ultem 1000 using this 
method, whilst covered in patents has not been clearly demonstrated. 
7.5.1 Crosslinking of Pis 
In Figure 7.8, it was observed that the highest solvent fluxes were achieved using EDA 
as the crosslinker. As such EDA was initially employed in excess as the crosslinker to 
both Matrimid 5218 and Ultem 1000 membranes as prepared in chapter 5. Figure 7.17 
shows the FT-IR-ATR spectra of corresponding membranes crosslinked with EDA in i-
PrOH. For both Ultem 1000 and Matrimid 5218, the attenuation of imide C = O peak at 
1718 and 1780 cm"' were evident indicating a loss of imide bonds. However this was 
more pronounced in Matrimid 5218 than in Ultem 1000. Redissolution of the modified 
Ultem 1000 membrane resulted when the membrane was immersed in DMF indicating 
either incomplete crosslinking or only partial crosslinking. The modified Matrimid 5218 
membrane however remained undissolved in DMF. 
As previously pointed out by Chung et al. [264], diamine diffusivity and possible 
mutual influence of amine groups in the shorter chain diamines can play a role in 
limiting the degree of crosslinking. Figure 7.18 shows the FT-IR-ATR spectra of Ultem 
1000 with different crosslinkers with increasing chain length of aliphatic diamines. In 
all the spectra, some attenuation of the imide peak at 1718 and 1780 cm"' was observed 
however this was most significant with the membrane crosslinked with PDA. In 
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addition immersion tests show that only membranes modified with PDA were 
consequently insoluble in DMF. 
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Figure 7.17: FT-IR-ATR spectra of Ultem 1000 and Matrimid 5218 membranes 
crosslinked with EDA in isopropanol. 
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Figure 7.18: FT-IR-ATR spectra of Ultem 1000 membranes crosslinked with different 
crosslinkers in isopropanol. 
Table 7.6: pKa of diamines used in the crosslinking of Ultem 1000. 
S/No. CAS No. Crosslinker pKa 
1 107-15-3 Ethylene diamine 
2 109-76-2 1,3-diaminopropane 
3 124-09-4 1,6-diaminohexane 
4 373-44-4 1,8-diaminooctane 
9^2' 
ia55f 
10.93* 
^pKa values from [290]. 
^ pKa values from [291]. 
The smaller pKa (Table 7.6) of the shorter aliphatic diamines indicates a slightly higher 
reactivity. However the successful crosslinking with PDA suggests that in the case of 
Uhem 1000, a trade off between the diffusivity of the diamine and its reactivity has to 
be achieved in order to ensuring good crosslinking. The proposed mechanism by Liu et 
al. (Figure 7.19(A)) shows that the imide moieties are susceptible to the ring opening 
reaction. However it is also highly likely that competitive reaction of amines to the ring 
opening sites might also result in a similar FT-IR-ATR spectra (Figure 7.19(B)). In this 
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instance, polymer chain proximity of the final membrane either hinders diffusion of 
larger species or facilitates reaction onto multiple sites by allow smaller diamine (EDA) 
to freely permeate into the membrane. 
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Figure 7.19: (A) Crosslinking of PI by reaction of imide bonds with diamines [268]. (B) 
Reaction of diamines with PI precursor. Both reactions are reversible at elevated 
temperatures. 
7.5.2 Chemical stability enhancement 
Soaking tests were carried out according to the procedure described in Section 5.5.3 to 
determine the chemical stability of the crosslinked membranes. Table 7.7 shows the 
percentage weight gain of both crosslinked and non-crosslinked Matrimid 5218 and 
Ultem 1000 membranes. For both membranes, weight change was significantly reduced 
in most solvents after crosslinking with no further redissolution of the polymer observed 
in several polar aprotic solvents. This is consistent with results obtained with P84, 
indicating that chemical crosslinking does confer significant enhancement to the 
chemical stability of Pis. 
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Table 7.7: Soak test of membranes cast from different Pis in various organic solvents 
over 5 days. The error in measurement was ± 2.3%. 
Weight change (%) 
Solvent Matrimid 
5218 (non-
crosslinked)" 
Matrimid 
5218 
(crosslinked 
EDA) 
Ultem 1000 
(non-
crosslinked) " 
Ultem 1000 
(crosslinked 
PDA) 
Toluene -2.07 2.31 - 1.50 4.05 
Ethyl 2.68 254 - 5 j y -1.54 
acetate 
Hexane -1.79 1.02 - 3 ^ 6 0.00 
Isopropanol 0.00 2.65 - 4 J 2 272 
Methyl -8.67 -1.61 0.00 1.44 
ethyl 
ketone 
Methanol -21.14 1.67 -17.6 0.69 
DMF a b a _b 
NMP g b a _b 
DMSO a b a b 
^ Non-crosslinked polyimides were fully soluble in polar aprotic solvents (DMF, NMP, 
DMSO). 
^ Crosslinked polyimides were insoluble in polar aprotic solvents. Weight change could 
not be accurately determined gravimetrically due to high solvent b.p. 
7.5.3 Membrane performance 
Figure 7.20 shows the DMF flux and MWCO of crosshnked Matrimid 5218 and Ultem 
1000. Both membranes showed stable flux over 8 h of continuous testing with no 
dissolution of the polymer. In addition the MWCO of the crosslinked Matrimid 5218 
memrbanes was found to be > 1200 g mol ' whilst the crosslinked Ultem 1000 has a 
MWCO of-1000 g mol"'. Whilst the fluxes of these membranes are inferior to that of 
P84, in theory this technique could present a platform which to further functionalise the 
membranes to effect specific separations on the surface whilst retaining the solvent 
stability of these membranes. 
186 
Chapter 7: Polymeric membranes for nanofiltration in polar aprotic solvents 
1 0 • 
Crosslinked Ultem 1000 - PDA 
• o • Crosslinked Matrimid 5218 - EDA 
6 -
o CO 
LL 
100 
90 
80 
70 -
6 0 -
50 -
40 -
30 -
2 0 -
10 - # Crosslinked Ultem 1000 - PDA 
o Crosslinked Matrimid 5218 - EDA 
10 200 400 600 800 1000 1200 1400 
Time (h) Molecular Weight {gmol'^) 
Figure 7.20; DMF flux and MWCO curves of crosslinked Ultem 1000 and Matrimid 
5218 membranes. 
7.6 Conclusions 
Chemical crosslinking of integrally skinned asymmetric membranes made of P84 was 
performed by immersion of the preformed membrane into a alcoholic bath of aliphatic 
diamine. The resultant membrane showed good chemical stability across a range of 
organic solvents including polar aprotic solvents such as DCM, THF, NMP and DMF. 
No change in the morphology of the membranes was observed even after immersion in 
DMF. Extended periods of testing in DMF for 120 h show the membranes to be stable, 
whilst still affording good separation. The ease of preparation and chemical 
modification makes this membrane potentially easy to scale up. Further testing of 
different aliphatic diamines showed EDA to give superior flux over the other aliphatic 
diamines. 
Combining crosslinking with membranes of variable MWCO developed in chapter 6, 
membranes with variable MWCO and improved chemical stability could be obtained. 
The combination of pressure and different dope composition allowed for good control 
over the MWCO in the NF range. The successful extension of this chemical 
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crosslinking technique to other Pis makes this technique useful in extending the scope 
and application of different Pis for use in OSN. 
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8. Organic solvent nanofiltration: laboratory to 
pilot scale 
8.1 Abstract 
The preceding chapters describe the development of laboratory scale OSN membranes. 
This chapter will address several aspects in the scale up of membranes developed in 
chapters 6 and 7 to a spiral wound membrane element. This includes the following 
steps: membrane casting, membrane crosslinking and finally the production and testing 
of the spiral wound element. 
(The work in this chapter has been carried out in collaboration with Fui Wen Lim and 
Issara Sereewatthanawut from Membrane Extraction Technology, UK.) 
8.2 Introduction 
OSN has been advanced for use in many potential applications [63]. However the only 
reported commercial large scale application is in the separation of oil from de-waxing 
solvents [196]. Whilst many potential polymers [37,185] for application in OSN have 
been developed, they have rarely if ever been further developed into membranes. 
Polymers that have made it past this stage still often rely of perfunctory testing of 
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membrane coupons in dead end cells over short periods. Whilst scientifically interesting 
in expanding the range of available membranes, the commercial viability of such 
membranes are often over looked without going further and testing them in systems that 
can be readily scalable for commercial use. In order for membranes to be seriously 
considered as a possible process solution/alternative, the performance has to be 
rigorously investigated to the limits of their operation. In addition, membranes have to 
be prepared reliably and in large quantities with minimal variation between membrane 
batches. There are currently limited studies of the use and operation of OSN membranes 
on pilot and large scales (e.g in modules) and even these studies are limited to a small 
range of solvents [196,292,293]. 
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Figure 8.1: Schematic of membrane module designs. (Adapted from Mulder [3]) 
In order for a membrane process to be viable, large areas of membrane need to be 
produced and housed in a module to maximise the amount of membrane area while 
leaving the smallest possible footprint. Membranes maybe supplied in two primary 
forms: flat sheets and tubular membranes. The former configurations are mainly 
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comprised of plate-and-frame and spiral wound modules and the latter consists of 
capillary and hollow fibre membranes. A schematic of the various types are shown in 
Figure 8.1. 
Table 8.1 shows the typical characteristics of the various membrane module designs. 
Hollow-fiber membranes are clearly superior in terms of packing density and do not 
require the use of backing material in the formation of these membranes. However, they 
are highly susceptible to fouling. Plate and frame modules are used in instances where 
fouling is critical due to the ease of cleaning. However, at present the predominant 
design for most industrial applications is the spiral wound module because of the low 
cost and its reasonable resistance to fouling. 
Table 8.1: Typical characteristics of various membrane module designs (Adapted from 
Module design Plate and Spiral- Tubular Hollow-
frame wound fibre 
Packing density (m^.m'^) 30 to 500 200 to 800 30 to 200 500 to 9000 
Resistance to fouling Good Moderate Very good Poor 
Ease of cleaning Good Moderate Excellent Poor 
Relative cost High Low High Low 
The spiral wound module is composed of a membrane leaf or several leaves which are 
sandwiched between feed spacers on the active side of the membrane and permeate 
spacers on the surface of the non-woven. These leaves are then wrapped round a central 
perforated pipe (permeate tube) and glued into place using an epoxy adhesive. A 
schematic of a spiral wound module is shown in Figure 8.1. The module is then packed 
into a pressure vessel which serves as the membrane housing. During operation, the 
feed is fed axially and enters the feed channels which are un-obstructed. The size and 
dimension of the feed channels [295] can greatly influence the mass transfer 
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characteristics, pressure drop and the achievable packing density of the module. The 
permeate stream is enclosed within the permeate envelope and flows radially into the 
permeate tube via the holes and is then collected. 
In this thesis, the investigation of membrane formation parameters and a method for 
increasing the chemical stability of PI OSN membranes are reported in Chapters 5 - 7 . 
A culmination of these results is presented within this chapter with preliminary results 
in the scale-up of membranes from lab scale to a pilot unit. 
8.3 Experimental 
8.3.1 Membrane preparation 
In this chapter, 18 wt% of P84 and 2 wt% of maleic acid was dissolved in DMF and 
dioxane and stirred continuously at using an overhead impeller overnight to obtain a 
homogeneous dope solution. Maleic acid was used as a void suppressor through the co-
ordination with the carbonyl groups on the chains of the PL This increases the demixing 
time thus reducing macrovoid formation [107]. No significant difference in membrane 
performance was observed at this concentration over a membrane with no additives. 
The polymer solution was allowed to stand for a further 24 h at room temperature to 
remove air bubbles. A laboratory scale continuous casting machine was used with the 
non-woven backing entering the bath perpendicular to the surface of water, and 
operated at the following conditions: 
• Casting velocity: 0.05 ms"' 
• Length of evaporation zone: 0.3 m 
• Temperature of precipitation water bath: 20 - 25°C 
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8.3.2 Crosslinking 
After casting, the membrane leaf was immersed in deionised water for 24 h to remove 
residual solvent. The membranes were then immersed into a bath of MeOH and 
crosslinker for 24 h at ambient temperature. The membrane was then removed from the 
crosslinking bath and washed with MeOH to remove any residual crosslinker [20]. 
Following this, the membrane was immersed into a bath of z-PrOH/PEG600 (20/80 v/v 
%) to prevent drying out. The membranes were then stretched and air dried to remove 
residual solvent. 
8.3.3 Rolling 
The membrane leaf and spacers were cut to the desired length and wound round a 
perforated stainless steel pipe using a rolling machine (Spiral Assembly Systems, USA). 
An epoxy adhesive was used to seal the membrane envelope and to secure the 
membrane leaf to the permeate tube. Stainless steel anti-telescoping end caps were then 
affixed and the element cured to produce the final membrane module. The membrane 
module (Figure 8.2) has is 1.8" in diameter and 12" long with a membrane area of 
approximately 0.5 m^. 
Figure 8.2: Membrane module used in tests (1.8" x 12") test element. Membrane area • 
0.5 m .^ 
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8.3.4 Membrane testing 
Flat sheet membranes were tested in the apparatus according to the procedures outlined 
in Section 7.3.3. All tests were carried out using the oligostyrene test solutes to 
determine the MWCO. A schematic of the apparatus to test the membrane module is 
shown in Figure 8.3. A single test element was loaded into the housing and sealed. 
Fresh solvent was charged into a 5 L feed tank and re-circulated at a flow rate of 200 L 
h ^ using a diaphragm pump (G03-E Hydra-Cell, Wanner International, UK). Pressure 
was generated using a back pressure regulator located downstream of a pressure gauge. 
The pressure drop across the module was measured to be less than 2 bar. The re-
circulating fluid was kept at 30°C by a heat exchanger. During start-up, the conditioning 
agent was removed by re-circulating pure solvent for an hour without applying any 
pressure and discarding the initial permeate. During operation, permeate and retentate 
samples were collected from individual sampling ports. 
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Figure 8.3: Schematic of membrane module testing apparatus. 
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8.4 Results and discussion 
8.4.1 Chemical compatibility 
The development of a spiral wound module for use in OSN consists of several steps 
which must be carried out simultaneously. As demonstrated in Chapter 7, even the 
chemical stability of the non-woven membrane backing is as critical as the polymer as 
differential swelling of either component can result in defects in the surface of the 
membrane. A spiral wound membrane element consists of significantly more 
components and each part has to be screened and tested for long term chemical stability. 
Table 8.2: Material chemical compatibility chart for polymer substrates commonly used 
in the manufacture of membrane elements. 
Solvent Polypropylene' Polyester^ (PBT) 
Nylon 
(PA66)^ 
Nylon 
(PA6)' Nylon' 
Polar/polar protic 
Methanol y y y xy 
Acetone V y y y 
Ethyl acetate y y y y y 
Isopropanol y y y y X 
Non-polar 
Hexane X / / y y xy 
Toluene X V y y y 
Polar Aprotic 
Dichloromethane X / y %y xy X 
Dimethylformamide V y xy xy X 
N- y X X X X 
methylpyrrolidone^ y y y Tetrahydrofuran X y 
Legend 
y 
x y 
X 
Excellent stability 
Good stability 
Avoid exposure 
'Cole palmer: http://www.coleparmer.com/techinfo/chemcomp.asp 
^Sterlitech: http://www.sterlitech.com/Droducts/membranes/comDatibilitvchart.htm 
^WPS: http://www.wps.on.ca/technical/tables/chemical_resistance.htm 
^Generally there is no consensus in the chemical compatibility charts to the stability of 
the polymers to NMP. 
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Table 8.2 lists the chemical stability of several available polymer substrates commonly 
used as spacers and as the non-woven support in commonly used organic solvents. In 
general, polypropylene (PP) is compatible with most organic solvents making it the 
primary substrate material for use in many organic systems. For applications in non-
polar solvents, polyester shows the better chemical resistance. In this preliminary work, 
the target solvent is acetone hence the majority of work will focus towards the use of PP 
in the spacers and supports. The PP spacers and supports showed < 1% weight and 
dimension change in acetone over a month in immersion tests. 
8.4.2 Membrane casting 
In Chapters 5 - 7 , membranes were mainly cast using a bench top caster. Defects in 
these membranes could easily be overlooked by selecting areas of the membrane that 
appeared defect free. Defects include in-homogeneity in the surface and minute defects 
such a pinholes on the membrane surface. However, when casting large batches of 
membrane for rolling into elements, these defects cannot be easily excluded and might 
be overlooked when inspecting the membranes. As such, it is both crucial to determine 
the effect of the pinholes and to minimize their formation. 
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Figure 8.4: Schematic of a Loeb and Sourirajan type casting machine used in the 
production of membranes for spiral elements. 
Figure 8.4 shows a schematic of a typical casting machine used in the production of 
membranes for spiral elements. The machine consists of a spool of non-woven material 
which is dragged through an unmixed, filled coagulation bath to the take up roller. An 
adjustable blade is attached to the drum and forms a trough to which the dope solution 
is poured into. As the take-up rollers are activated, this drags the non-woven material 
beneath the dope solution, casting a thin film of dope solution onto the surface. This 
enters perpendicular to the coagulation bath where immersion precipitation and 
membrane formation occurs. In such a system, environmental factors (e.g. bath 
temperature, concentration of solvent in the coagulation bath) can change severely from 
the beginning to the end of the casting length, resulting in differing membrane 
performance at different points along the membrane. 
Schipolowski et al. [296] describes differences in membrane material in lab scale tests 
and modules to be due to differences in production batches, variations within the flat 
sheets, storage membranes and cleaning and pre-treatment of membranes. They also 
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describe a regime in which to determine the batch variability by testing the membrane 
sheets across several batches. Figure 8.5 shows the position of samples taken for 
analysis from a single sheet of membrane (omitting the ends) to determine the batch 
variability of the samples. 
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345 
200 
320 
400 
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DW3 
DW2 
Direction of 
casting 
Figure 8.5: Schematic of samples taken from membrane sheet cast. CW: cross web, 
DW: downweb. 
Figure 8.6 shows the flux and MWCO of the membrane discs membrane tested in 
crossflow with THF at 30 bar and 30°C. Variations in the polymer weight both 
crossweb (CW) and downweb (DW) were observed. However these variations did not 
result in large changes in both flux and the MWCO of the membranes tested. These 
results also corroborate with that obtained in Figure 6.8, demonstrating that the height 
of the cast membrane has little influence over the flux and MWCO of the membrane. 
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Figure 8.6: Performance of crosslinked membrane discs in THF. Numbers in brackets 
represents the weight per unit area of each disc (g cm'^). 
In gas separation membranes, pinholes and minor membrane defects can result in great 
loss in membrane selectivity at high pressures. This often necessitates the use of a 
highly permeable layer (e.g. Silicone rubber) to coat the surface to form a composite 
membrane [297,298]. In OSN, such studies have rarely been carried out and it is critical 
to determine if pinholes result in a loss of selectivity. 
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Figure 8.7: Effect of pin holes and patching on DMF flux and MWCO at 30 bar and 30 
C. Membranes were tested in a crossflow apparatus (Figure 7.1). 
Figure 8.7 shows the DMF flux and MWCO of a visually defective membrane (with 
pinholes and surface in-homogeneities), a visually non-defective membrane (no visible 
pinholes) and a membrane with defects that are patched by applying a layer of epoxy 
adhesive on the membrane surface. All three membranes exhibit similar flux and 
MWCO with patched membrane showing slightly lower flux due to decreased active 
membrane area available. This surprising result demonstrates that under these operating 
conditions, the pinholes have seemingly no effect on membrane separation performance. 
Pinnau and Wind [215] have previously described that the exposure of PEI membranes 
in organic solvents may enlarge or reduce the effective membrane pore size resulting in 
changes to membrane rejection performance. The immersion of a RO membrane (Desal-
DK) in ethanol has also resuUed in a decrease in the roughness of the active layer [299]. 
In this instance, DMF might act as a swelling solvent which reduces the effective size of 
the pinholes in the membranes. 
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8.4.3 Element curing 
The membrane element and leaves are typically held together by an epoxy adhesive. 
The epoxy resin is a compound with an epoxide ring which reacts with a curing agent or 
homopolymerized to form high MW polymers. Once cured, these polymers have highly 
crosslinked, thermosetting structure and possess high cohesive strength and adhesion 
properties [300]. The cure cycle and length of cure is highly important not only to 
obtain a stable adhesive as it also has ramifications for the membrane as the module is 
cured in-situ. In Section 6.4.4, it was demonstrated the significant loss of membrane 
flux would result when membranes were annealed. Section 7.4.1 also alludes to the loss 
of crosslinking and chemical stability at elevated temperatures. To this end, the 
crosslinked membranes were investigated by thermogravimetric analysis to determine 
their thermal stability. 
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Figure 8.8: TGA of (A) Polyimide membrane non-crosslinked, (B) ODA crosslinked, 
(C) EDA crosslinked. 
Figure 8.8 shows a plot of weight change and a derivative of weight change against 
temperature. Figure 8.8(A) shows the little weight loss of the un-modified membrane 
with good thermal stability up to 400°C. For both the crosslinked membranes, initial 
weight loss <100°C was attributed to residual solvent on the membrane. Decomposition 
peaks at around 250°C and 300°C for EDA and ODA respectively are much higher than 
that expected for the boiling points of the pure components. (Bp EDA: 117°C, ODA: 
225 °C). This can however be explained as energy is required for the re-imidization of 
the imide bond before the respective crosslinkers can be released. 
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Whilst the crosslinked PI seem to be stable up to 150°C, a trade-off needs to be reached 
between preventing the loss of chemical stability in the membranes and ensuring that 
the epoxy are sufficiently cured to provide good adhesion. 
8.4.4 Spiral wound testing 
Figure 8.9 shows the acetone flux and the MWCO of the flat sheet PI membrane and the 
corresponding spiral wound module manufactured from the same sheet of membrane. 
Both the flat sheet and spiral wound show very similar end fluxes of 35 L m"^  h"' and a 
MWCO of <250 g mol"^  at 30 bar and 30°C 
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Figure 8.9: Acetone flux and MWCO of crosslinked flat sheet PI membrane in 
crossflow (•) and in a spiral wound module (o). 
8.5 Conclusions 
This chapter amalgamates the research presented in the preceding chapters pertaining to 
the understanding and membrane manufacture for OSN applications to the development 
of spiral wound element. The development of spiral wound element is very complicated 
and involves several interdisciplinary areas including knowledge of epoxy adhesives, 
spacers and technical know-how in the rolling of modules. This thesis is mainly focused 
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towards the effects of the various issues towards ensuring membrane integrity is 
preserved through out the process. The following conclusions can be drawn with this 
work: 
• In the casting of membranes at a larger scale, defect (pinholes and membrane 
inhomogeneity) identification and assessment of the implications on membrane 
separation is critical. In this work, it was identified that whilst minor defects do 
occur in the process, they have little impact on the overall performance of the 
membranes either due to their small size or due to solvent-membrane 
interactions. 
• The process of thermal annealing, or curing is critical to enable good adhesion 
of the epoxy adhesives. However possible re-imidization of the modified PI and 
loss of flux with sustained heating are critical factors to consider in the selection 
of suitable curing cycles. 
• Membranes tested in crossflow and in spiral wound from the same batch showed 
very similar performance hence validating the development process. 
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9. General conclusions and final remarks 
OSN is a burgeoning technology with new different applications constantly being 
reported. The central theme of this thesis is the development of OSN membranes with 
control over both the chemical stability as well as the separation performance. Pis are a 
class of polymers highly suited for this application due to their good chemical stability 
in many solvents. Understanding the various membrane formation parameters allow a 
membrane to be tailored for specific applications in OSN. Further modification of these 
membranes through chemical crosslinking enhances the chemical stability of PI OSN 
membranes allowing them to be used in harsh solvents. Finally this thesis also 
demonstrates the culmination of the several aspects of membrane research in the scale 
up of a membrane manufacture from laboratory to pilot scale. 
Chapter 3 - Membrane assisted homogeneous catalyst recycle in asymmetric 
hydrogenation 
The first experimental section in this thesis describes an application of OSN to the 
recycling and recovery of catalysts in asymmetric hydrogenation. A catalytic membrane 
reactor with an OSN membrane improves the TON of catalyst through retaining the 
catalyst whilst allowing the products to permeate through the membrane hence 
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achieving product purification and catalyst recycle in a single step. The addition of the 
IL CyPhoslOl markedly improves the enantiomeric excess and catalyst stability. 
Preliminary investigations to this observation allude to interactions between the IL and 
catalyst. Whilst a general mechanism would be complex to determine, pioneering work 
by Landis and Halpem [154] into the reaction mechanism provides a possible method in 
which to investigate the intermediate species formed through the addition of the ionic 
liquid. By labelling the phosphine ligand and/or the ionic liquid, it would be possible to 
elucidate under the reaction conditions what form the ionic liquid (if any) has been 
incorporated in to the catalytic cycle. Whilst the enhanced enantioselectivity may be 
system specific, fiirther work is required to prove the generality for the use of solvent/IL 
systems to improve catalyst stability. 
Chapter 4 - Functional characterisation of OSN membranes 
The initial application of OSN to a catalytic system has also identified significant 
potential of OSN in homogeneous catalyst recycle, there is however a lack of 
commercially available OSN membranes with good chemical stability across a range of 
organic solvents and with the ability to separate compounds in the NF range of 200 -
1000 g mol"'. The widely cited MWCO used in the selection of membranes is highly 
dependent on the method making cross comparison between different membranes 
difficult. The development of the oligostyrene method for the determination of the 
MWCO of membranes is a first step towards a unified approached to membrane 
manufacture and systems testing in OSN. This method enables membrane and 
equipment integrity to be determined across a range of membranes and solvents in a 
single experiment. Whilst this method may be cost prohibitive at a large scale, at 
present no other method provides a comprehensive 'view' of the OSN membrane 
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separation performance. The visualisation of the separation curve also allows the 
comparison of the membrane performance in different solvents. 
Chapter 5 - 6: Development of Polyimide OSN membranes 
The central part of this thesis involves the development of integrally skinned 
asymmetric membranes for use in OSN. Pis are identified as potential precursors for the 
development of OSN membranes due to their superior solvent stability. In particular, 
Lenzing P84 showed the best performances amongst the Pis tested. The variation of 
membrane separation performance across the NF range was investigated through the use 
of various membrane formation parameters. The MWCO was found to be most affected 
by the changes in the solvent: co-solvent ratio dope solution hence allowing this 
parameter to be used as a handle to tailor membranes for specific separations. Whilst 
this was demonstrated for P84, the generality of this approach and parallels to other Pis 
has yet been studied. The flux was found to be very sensitive to various formation 
parameters. 
The two transport models frequently used in OSN (SD and PF) are based upon 
diffusional or convective transport. These models have a different structural basis. 
Microscopy using FESEM allows the determination of morphological structures in such 
membranes. However, even at the edge of the equipment capability, minute structural 
differences are difficult to elucidate thus making it difficult to discriminate between 
either model. Successful explanation of observed experimental data by both models also 
corroborates their individual suitability in the description of OSN. In view of the lack of 
further understanding in membrane structure and transport, empirical studies are 
important in the determination of relevant process parameters. Novel work by Santos et 
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al. [301] utilising mechanistic, chemometric and hybrid modelling perhaps holds the 
key to further membrane development. 
Chapter 7 — Polymeric membranes for nanofiltration in polar aprotic solvents 
Crosslinking has been previously demonstrated to improve both the chemical and 
thermal stability of polymeric membranes. Chemical crosslinking of Pis with aliphatic 
diamines in a ring opening reaction was shown to significantly enhance the chemical 
stability of all the tested Pis allowing stable performance in a range of organic solvents 
including polar aprotic solvents (e.g. dimethyl formamide, n-methylpyrrolidone). 
Coupling chemical crosslinking with changes to the solvent; co-solvent in the dope 
solution simultaneously improves the membrane chemical stability and produces 
membranes with variable MWCO. Chemical modification presents not only a way of 
improving the chemical stability of OSN membranes, it is also a platform to which 
different functionalities may be incorporated. The field of affinity membranes is 
established in aqueous systems but has yet been tried in OSN. Chemical crosslinking 
with functionalised polyamines to PI now allows the possible synergy of these areas. 
Chapter 8 - OSN: Laboratory to pilot scale 
Until recently, transport through OSN modules have not been studied in detail. Silva 
[302] used flat sheet determined parameters to correlate to the performance of a similar 
membrane in a spiral wound element. Spacer selection [295] can also be critical in 
achieving good mixing particularly in solvent with high viscosities. The development of 
a membrane suitable for industrial process requires optimisation on many fronts. 
Limitations upheld by the industrial process by and large can eclipse any breakthrough 
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in materials research. E.g. limitations on membrane design and industrially accepted 
routes. A culmination of this work is the development of a pilot scale spiral wound 
element exhibiting similar flux and rejection performance to the flat sheet. 
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Appendix A 
pressure 
regulator 
METcel 
H/Ar 
Magnetic impeller 
Membrane 
Hotplate/stirrer 
supply 
200 bar 
Figure A.l: Experimental setup for the determination ofkui reaction rate. 
The experiments were carried out in the METcell. A schematic of the apparatus is 
shown in Figure A. 1. The temperature probe acted as a baffle reducing vortex formation 
in the vessel during agitation. The implicit assumption is that of fast heat transfer, as 
compared mass transfer across the motionless gas-liquid interface. By integrating the 
mass balance between the gas and liquid phase from t = 0 {P(t) = P,„) yields the 
following equation: 
In 1 + 
E 
(/L.1) 
Where 
P -P , 
(A.2) 
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with; 
Pm 
Po 
Poo 
h 
a 
t 
Maximum headspace pressure [bar] 
Partial pressure of solvent at operating temperature [bar] 
Final pressure when liquid phase is saturated [bar] 
Headspace pressure at time t [bar] 
Liquid phase mass transfer coefficient [m s'^] 
Interfacial area per unit volume [m^ m"^ ] 
Time [s] 
Assuming that gas phase mass transfer resistance ko can be neglected, the volumetric 
mass transfer coefficient can be determined from the slope by plotting the logarithmic 
term against time. The partial pressure of MeOH {Pq) was determined using Aspen Plus 
Properties and CyPhoslOl was assumed to have negligible vapour pressure. Figure 
A.2(A) shows the pressure variation of a batch absorption experiment and Figure 
A.2(B) shows an example of the analysis to obtain the values ofkia. 
MeOH 
o MeOH/CyPhos101 
SS 44 -
100 150 
Time (s) 
20 40 60 80 100 120 140 160 
Time (s) 
Figure A.2: (A) Pressure variation of a batch absorption of H2 in MeOH over time. (B) 
kia calculations from the slope of the curve as given in Equation A.l. 
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The following protocol was used to determine the kia in the solvent systems as 
described in Table 3.4. 
The following protocol is based on the batch absorption method. 
1. The vessel (METcell) is filled up with its required volume of degassed pure 
solvent (100 ml). 
2. Close vessel and pressurise the headspace with Argon to the normal operating 
pressure (20 barg). 
3. Record any drop in the pressure over time. (Variation should be below 1% over 
30 min) 
4. If no pressure drop is observed then de-pressurise the vessel. 
5. If a pressure drop is observed, de-pressurise the system and make sure all 
connections are properly secured. Repeat Step 2 - 4 as necessary. 
6. Pressurise the headspace with Ar up to 1 barg. 
7. Turn on the impeller and agitate at maximum speed for 10 minutes. 
8. Release pressure to atmospheric. 
9. Repeat steps 6 to 9 (2 times) to ensure complete removal of dissolved gas fi-om 
the liquid. (This is necessary to reach equilibrium at known pressure and 
temperature) 
10. Begin to monitor the headspace pressure as accurately as possible as a function 
of time. High data acquisition speed is recommended. 
11. Begin to monitor liquid temperature as a function of time. 
12. Stop the impeller and allow the liquid to come to rest for 5 min. (To avoid 
enhanced absorption of hydrogen through the liquid surface) 
13. Purge the headspace 5 times with hydrogen. 
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14. Pressurise the headspace to the normal operating pressure (20 barg) with 
hydrogen. 
15. Shut off the hydrogen supply, pressure compensator or feed loop. 
16. Wait 2 min for stabilisation. (Necessary to reach a thermal equilibrium between 
gas and liquid) 
17. Turn on the impeller as fast as possible to the intended speed and monitor the 
headspace pressure until it reaches steady state. 
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Appendix B 
Sample calculations for the determination of Hansen solubility parameters for the 
various polyimides in Table 5.3. The solubility parameters can be calculated from group 
contributions. The solubility components are given as follows: 
St = {F,+Bln) 
o 
F^+B/n 
\ a / 
(B.l) 
(B.2) 
(BJ ) 
(B.4) 
Ft is the molar attraction function, Fp is the polar compoeeat. At is Ihe Lyderson 
correction for non-ideality and v is the molar volume of flie stractural unit of the 
polymer. Further auxiliary equations given by Hoy [229] are given as follows: 
a - 777Aj/u 
n =0.5/A, 
03 5) 
(B.6) 
A sample calculation for Matrimid 5218 is given as follows: 
Groups No. Ft Fo Ax V 
> N - 2 125 125 0.009 12.6 
> C - 0 5 538 525 0.04 17.3 
Car 11 201 65 0.015 %42 
CHar 13 241 6 2 5 (1018 1 1 4 2 
-CHz- 1 2 6 9 0 0.02 1 5 J ^ 
-CHs 3 303X5 0 0.022 2 L 5 5 
Ctert 1 &15 0 0.04 3.56 
Sum 9463.5 4402 .5 0 .703 447.98 
231 
Appendix 
Base value (B) = 277 
a - 1.28 
Using equations A. 5 and A, 6, the values of the solubility parameter components can be 
calculated using equations B.l to B.4. 
St = 21.91 
Sd = 14.32 
13.10 
Sh^ 10.16 
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